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I 
Preface 
The work reported in this PhD thesis, entitled “The feasibility of tree coring 
as a screening tool for selected contaminants in the subsurface”, was carried 
out at the Department of Environmental Engineering, Technical University of 
Denmark (DTU). The thesis is based on research undertaken from July 2011 
to April 2015 under the supervision of Professor Stefan Trapp, Associated 
Professor Mette M. Broholm and Professor Philipp Mayer.  
The research was primarily conducted at DTU with an external research stay 
at the Department of Environmental Science, Aarhus University, Roskilde, 
Denmark. 
This project was funded by DTU and the European Commission's Seventh 
Framework Programme (FP7) (Project 265364; TIMBRE – Tailored 
Improvement of Brownfield Regeneration in Europe).  
The thesis is organized in two parts: the first part puts into context the 
findings of the PhD in an introductive review; and the second consists of the 
papers listed below. These will be referred to by their paper number given as 
Roman numerals I-V. 
 
I  Algreen, M.; Rein, A.; Legind, C.N; Amundsen, C.E.; Karlson, U.G.; 
Trapp, S. (2012). Test of tree core sampling for screening of toxic 
elements in soils from a Norwegian site.  
International Journal of Phytoremediation. 14, 305–319. 
Open access: 
http://www.tandfonline.com/doi/abs/10.1080/15226514.2011.620648#.VTDSIk0cQ5g 
 
II Algreen, M.; Rein, A.; Trapp, S. (2014). Phytoscreening and 
phytoextraction of heavy metals at Danish polluted sites using willow 
and poplar trees.  
Environmental Science and Pollution Research. 21, 8992–9001.  
Open access: 
http://link.springer.com/article/10.1007%2Fs11356-013-2085-z 
 
III Algreen, M.; Kalisza, M.; Stalder, M.; Martac, E.; Krupaneka, J.; 
Trapp, S.; Bartke, S. (2015). Effective and reliable site characterization 
at megasites by the use of pre-screening methods.  
Environmental Science and Pollution Research. In press.  
 
  
II 
IV Algreen, M.; Trapp, S.; Jensen, P.R; Broholm, M.M. (2015). 
Tree coring compared to soil gas sampling for detection of PCE and 
TCE in the subsurface. Submitted April.  
 
V Algreen, M.; Gouliarmou, V.; Trapp, S.; Karlson U.G.; Mayer, P.; 
(2015). Limited plant uptake of the desorption resistant native PAHs in 
soot and soil. Submitted March.  
 
In addition, the following publications related to the topic of the thesis were 
written during the PhD project, but not included in the thesis: 
 Algreen, M.; Trapp, S. (2014). Guideline for application of tree coring 
as an initial screening tool for typical pollutants in the subsurface. 
TIMBRE project, FP7- ENV-2010.3.1.5-2, contract no: 265364. 
Available at: http://www.timbre-project.eu/ 
 
 Martac, E.; Trapp, S.; Clausen, L.; Algreen, M.; Stalder, M.; 
Krupanek, J.; Kalisz, M.; Fatin-Rouge, N. (2014). Comparative study 
of DP-based site investigation approaches and potential in situ 
remediation techniques: model-assisted evaluation of advantages and 
un-certainties. TIMBRE project, FP7- ENV-2010.3.1.5-2, contract no: 
265364. Available at: http://www.timbre-project.eu/ 
 
 Trapp, S.; Algreen, M.; Rein, A.; Karlson, U.; Holm, O. (2012). 
Phytoscreening with tree cores (p. 133-148). In: Kästner, M.; 
Braeckevelt, M.; Döberl, G.; Cassiani, G.; Papini, M.P.; Leven-Pfister, 
C.; van Ree, D. (ed) Model-driven soil probing, site assessment and 
evaluation - Guidance on technologies.  Sapienza Università Editrice. 
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Summary 
Chemical release resulting from inadequate care in the handling and storage 
of compounds has ultimately led to a large number of contaminated sites 
worldwide. Frequently found contaminants in the terrestrial environment 
include BTEX (benzene, toluene, ethylbenzene, and xylenes), heavy metals, 
PAHs (polycyclic aromatic hydrocarbons) and chlorinated solvents. The large 
number of contaminated sites has created a need for effective and reliable site 
investigations.  
In this PhD project the feasibility of tree coring as a screening tool for 
selected contaminants in the subsurface has been investigated to obtain more 
efficient site investigations. Trees have a natural ability to take up water and 
nutrients from the subsurface; consequently, contaminants can also enter the 
roots and be translocated to plant parts above ground where they will be 
absorbed, degraded or phytovolatilized depending on their physico-chemical 
properties. A small sample of the wood (a tree core) can be collected and 
analyzed to give information on potential subsurface contamination. To date 
the focus of tree coring has mainly been on the use as a screening tool for 
chlorinated solvents including perchloroethylene (PCE) and trichloroethylene 
(TCE), where the method has been applied with success. The results also 
showed that the measurements will be affected by various factors such as soil 
properties, climate conditions, sampling procedure, the tree species and 
especially the contaminants of interest.  
The purpose of this PhD project is comprised of two primary objectives: (1) 
to investigate the feasibility of tree coring of different tree species as a 
screening tool for heavy metals, BTEX and PAHs in the subsurface and (2) to 
investigate under which conditions and for which purposes tree coring is a 
viable substitute for established site screening methods e.g. soil gas sampling. 
The first objective was achieved through tree core sampling campaigns from 
different tree species (e.g. willow, poplar, birch, cherry, and ash) at sites 
contaminated with heavy metals, BTEX or chlorinated solvents. The 
measured wood concentrations were compared to concentrations in soil, 
groundwater or soil gas. In addition, a laboratory study has been conducted to 
investigate the plant uptake of PAH from different soils. The second 
objective was accomplished by comparing wood concentrations attained 
through tree coring to measurements of soil gas, soil and/or groundwater 
attained through established site characterization methods. 
VI 
The site investigations showed that the use of tree coring as a screening tool 
for heavy metals and BTEX in the subsurface is more complex than for 
chlorinated solvents.  
Heavy metals were expected to be good candidates for tree coring due to 
natural uptake mechanisms of essential heavy metals, but the use of tree 
coring to detect elevated heavy metal concentrations in soil is challenged by 
the presence of background concentrations. Therefore, a statistical 
comparison of the wood concentrations measured in trees grown at a 
potentially contaminated site and trees from a nearby non-contaminated site 
(reference trees) is necessary. This approach has demonstrated significantly 
elevated concentrations of zinc (Zn), copper (Cu), cadmium (Cd) and nickel 
(Ni) in trees grown at highly contaminated sites, while less or no significant 
elevated concentrations were found in trees from less contaminated sites. In 
addition, non-linear relationships were found between concentrations in wood 
and soil.  
BTEX have similar physico-chemical properties as chlorinated solvents, so 
was expected that BTEX also would be good candidates for tree coring. 
However, the application of tree coring to locate BTEX-contaminated areas 
can be difficult as natural attenuation of the compounds (e.g. biodegradation 
and volatilization) may result in relatively low concentrations in the wood. 
Although difficult, investigations have shown that some BTEX contaminated 
areas can be detected by tree coring and that the concentrations of BTEX in 
wood can be correlated to those in soil gas, soil or groundwater. Precautions 
implemented to prevent cross-contamination have also shown to be important 
because it can otherwise lead to false positives. Among the sampled tree 
species, willows and poplars were the most suitable species for tree coring, 
since they were able to take up heavy metals and BTEX in highest 
concentrations.  
The laboratory study of PAH plant uptake from soil showed that the plant 
concentrations were not controlled by total soil concentrations or the 
bioavailable fraction in the soil. Concentrations measured in plant tissue 
above ground were more affected by deposition from air.  
The comparison of tree coring and soil gas sampling for application as 
screening tools for chlorinated solvents showed that the two methods are 
complementary, which is why the choice of method to be used should be 
based on the specific purpose of the site investigation and the specific site 
conditions. 
VII 
In general, tree coring is a very rapid and low-invasive screening method, 
which provides an economic advantage to current methods. The low costs 
associated with tree coring allow for a high sampling density. This, together 
with a relatively large soil volume represented by a tree core, has shown to 
reduce the risk of overlooking contaminated areas and is a valuable method 
for the identification of previously unknown source areas within a short time 
period.   
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IX 
Dansk sammenfatning 
Over hele verden har håndtering og opbevaring af kemikalier medført et stort 
antal forurenede lokaliteter. Nogle af de hyppigst forekommende 
miljøfremmede stoffer på lokaliteterne er BTEX (Benzen, Toluen, 
Ethylbenzen, og Xylener), tungmetaller, PAHer (PolyAromatiske Hydro-
karboner) og chlorerede opløsningsmidler. Det høje antal forurenede 
lokaliteter har skabt et stort behov for effektive og pålidelige undersøgelses-
metoder til at påvise og lokalisere de forurenede områder.  
I dette Ph.d. projekt er anvendeligheden af træer som bio-indikatorer for 
jordforurening undersøgt som screeningsmetode for forskellige miljø-
fremmede stoffer for at opnå mere effektive jordforureningsundersøgelser. 
Ved hjælp af træernes naturlige transpiration kan kemikalier i jorden optages 
via trærødderne og fordeles rundt til plantedele over jorden, hvor de enten 
absorberes, nedbrydes eller fordamper til luften afhængigt af stoffernes 
fysisk-kemiske egenskaber. Ved at indsamle og analysere en lille prøve af 
veddet fra træets stamme (en trækerneprøve) kan jordforureninger påvises. 
Til dato har metoden primært været anvendt som screeningsværktøj for 
chlorerede opløsningsmidler såsom perchloroethylen (PCE) og 
trichloroethylen (TCE) i jord og grundvand. Hertil har metoden vist sig 
yderst anvendelig.  Disse undersøgelser har også vist, at måleresultaterne 
påvirkes af jordbundsforholdene, klimaet, de anvendte træslægter, 
fremgangsmåden for prøvetagningen og ikke mindst af de miljøfremmede 
stoffer selv.  
Formålet med dette Ph.d. projekt har været: (1) at undersøge 
anvendeligheden af træer som bio-indikatorer for jordforureninger med 
tungmetaller, BTEX og PAH, samt (2) at undersøge under hvilke forhold og 
til hvilke formål brugen af trækerner er gevinstgivende i forhold poreluft 
målinger (en metode som allerede anvendes kommercielt). Til dette formål er 
feltundersøgelser blevet udført på lokaliteter forurenet med tungmetaller, 
BTEX eller chlorerede opløsningsmidler. Der er udtaget trækerneprøver fra 
træslægter såsom pil, poppel, birk, kirsebær og ask, og måleresultaterne er 
sammenlignet med koncentrationer målt i poreluft, jord og/eller grundvand. 
Derudover har der været udført et laboratorie forsøg for at undersøge 
planteoptaget af PAH fra forskellige jorde med forskellige total- og 
biotilgængelige koncentrationer.  
X 
Feltundersøgelserne viste, at anvendelsen af træer som bio-indikatorer for 
tungmetal- og BTEX jordforurening er mere vanskelig end ved anvendelsen 
til chlorerede opløsningsmidler.  
Det var forventet at tungmetaller ville være gode kandidater for metoden, 
grundet træers naturlige optag af essentielle tungmetaller. Men brugen af 
metoden er udfordret af, at tungmetaller netop er naturligt forekommende i 
miljøet, og det er derfor er det nødvendigt at sammenligne de målte 
koncentrationer træveddet fra en potentiel forurenet lokalitet med 
koncentrationer målt i træer fra en nærliggende ikke-forurenet lokalitet 
(reference træer). Ved denne fremgangsmåde har det vist sig muligt at påvise 
signifikant forhøjede niveauer af zink (Zn), kobber (Cu), cadmium (Cd) og 
nikkel (Ni) i veddet fra træer voksende på stærkt forurenede områder. De 
målte niveauer i veddet fra træer på mindre forurenede områder var generelt i 
mindre grad eller slet ikke signifikant forhøjet sammenholdt med 
referencetræer. Derudover har der ikke kunnet findes en lineær sammenhæng 
mellem koncentrationer målt i hhv. træved og jord.  
Træer som bio-indikatorer for BTEX forurenet jord ansås også som værende 
muligt, da BTEX har fysisk-kemiske egenskaber sammenlignlige med dem 
for chlorerede opløsningsmidler. Men brugen af træer som bio-indikatorer for 
BTEX påvirkes af den høje bionedbrydning og fordampning der sker af 
stofferne fra jord og plante, hvilke medfører lave koncentrationer i veddet. 
Alligevel har undersøgelserne vist, at træer under vise omstændigheder kan 
påvise BTEX forurenede områder og at BTEX niveauerne målt i træveddet er 
korreleret til koncentrationer målt i jord, grundvand og poreluft. Dog skal der 
tages forholdsregler for kontaminering af prøverne, hvilket ellers kan 
medføre falske påvisninger af jordforurening. Blandt de undersøgte 
træslægter er de højeste koncentrationer af tungmetal og BTEX målt i pil- 
og poppeltræer, hvorfor disse slægter anses som værende bedst egent som 
bio-indikatorer for jordforureninger.  
Laboratorieforsøget viste, at planteoptaget af PAH fra jord ikke var 
kontrolleret af total-koncentrationen eller de biotilgængelige koncentrationer 
i jord. Koncentrationerne målt i plantedele over jorden var i højere grad 
påvirket af koncentrationer fra luften.  
Ved sammenligning af trækerneprøver og poreluftmålinger som screenings-
værktøj til chlorerede opløsningsmidler blev det vist at metoderne er 
komplementerende, og valget af metode bør derfor baseres på formålet for 
forureningsundersøgelsen og den specifikke lokalitets forhold.  
XI 
Generelt er måling på trækerner en hurtig, nem og økonomisk favorable 
screeningsmetode, hvormed det er muligt at udføre prøvetagning i et 
tætmasket prøvegitter. Dette, sammenholdt med det store jordvolumen en 
trækerneprøve repræsenter, vil risikoen for at overse uventede 
jordforureninger reduceres og chancen for at opspore ukendte kilder inden for 
en kort tidshorisont øges.  
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1 
1 Introduction  
Emissions of contaminants into the environment increased with the industrial 
revolution and the technological development in the 19th century (Swartjes 
2011). The soil was used as a sink for instance for production waste where 
chemicals were often deposited on the ground, resulting in substantial 
contamination of the subsurface. During the 1970’s the awareness of the 
harmful impacts of soil contamination, was raised and during the 1980’s 
efforts related to soil investigations were intensified (Lamé 2011). Today, the 
major contaminants found in the terrestrial environment in Denmark and 
Europa are: mineral oil, BTEX (benzene, toluene, ethylbenzene, and xylenes) 
and heavy metals.  PAHs (polycyclic aromatic hydrocarbons) and chlorinated 
hydrocarbons (CHC) also account for a significant fraction, see Figure 1. 
(Roost 2014, Liedekerke et al. 2014).    
Mineral 
oil 29%
BTEX 
22%
Heavy 
metals 
18%
PAH 13%
CHC 9%
Other 
10%
Denmark
 
Mineral 
oil 23%
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13%
Heavy 
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34%
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CHC 9%
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Figure 1: Overview of contaminants affecting soil and groundwater in Denmark and 
Europe (16 countries including Norway) in average (Roost 2014, Liedekerke et al. 2014).  
 
In Europe, the estimated number of potentially contaminated sites is 2.5 
million (Liedekerke et al. 2014). By 2012, 30.411 Danish sites were 
identified as contaminated or potentially contaminated (Danish EPA 2014a). 
This large number of potentially contaminated sites emphasizes the need for 
effective site investigation.      
2 
1.1 Investigations of contaminated sites  
For investigations of potentially contaminated sites, a standardized approach 
has been developed in Denmark as shown in Figure 2 (Danish EPA 2014a). 
The steps may differ from country to country but the overall approach is   
internationally well recognised (Lamé 2011).  
 
Historical site survey
[100 sites]
Mapping at Knowlegde Level 1
[40-65 sites] 
Initial site investigations
[20-50 sites]
Mapping at Knowlegde Level 2
[10-30 sites]
Detailed  site 
investigations
[5-10 sites]
Remediation 
[1-4 sites]
Operation
[1-2 sites]
 35-60 sites excluded.
No contaminating 
activities identified. 
 Additional 10-20 sites excluded.
The activities do not pose a risk for the 
groundwater or use of the area.
 Additional 10-20 sites excluded.
No contamination was found.
 Additional 5-20 sites excluded.
The contamination do not pose a risk for 
the groundwater or use of the area.
 Additional 4-6 sites, no further effort.
The contamination do not pose a risk for the 
groundwater or use of the area.
 Site investigations closed. 
 
Figure 2: The steps in the Danish public effort of site investigations including estimations 
of the allocation of sites in each step based on 100 sites. Modified from Danish EPA 
(2014a). 
 
1.1.1 Standardized approach 
Initially a preliminary investigation is performed to obtain knowledge of the 
(former) site activities, which may have given rise to contamination. This is 
done by a historical site survey and if such activities are identified, the site is 
mapped at Knowledge Level 1 (ICCS 2007). This preliminary investigation 
forms the basis for any following site investigations. Insufficient preliminary 
investigations may lead to a biased conclusion about soil quality, whereby 
contaminated sites can incorrectly be classified as uncontaminated. In 
addition, the.sampling campaigns during the subsequent site investigations 
may be inaccurately placed whereby contaminated areas can be overlooked. 
In Denmark, 14.582 sites were identified as sites of concern at Knowledge 
Level 1 by 2012 (Danish EPA 2014a).  
3 
Sites identified at Knowledge Level 1 are candidates for an exploratory 
investigation. Exploratory investigations normally include site investigations 
by conventional methods (Döberl et al. 2012). The detection of contamination 
will place the site at Knowledge Level 2 and the need for detailed site 
investigations (additional sampling and maybe monitoring) is assessed. The 
goal of the investigations is to provide the information necessary to perform 
risk assessment and ascertain whether the contamination poses risks to 
ground-water and/or human health (Overheu et al. 2014).  
1.1.2 Conventional methods for site investigations 
Conventional site investigations commonly involve drilling near the potential 
sources found during the historical site survey (Döberl et al. 2012, Danish 
EPA 2009). In connection with the drilling, soil samples are collected and 
well screens are installed for groundwater sampling. The sampling strategy, 
i.e. the density and depth of sampling points, depends on the purpose of the 
site investigations including the demand on safety, category of contamination 
and the properties of the contaminants (Danish EPA 2000 and 1998b). 
However, the total number of sampling points is kept at a minimum due to 
high start-up costs and limited budgets (Döberl et al. 2012).  
1.1.3 Challenges and opportunities 
Investigation of contaminated sites may be a time consuming and costly task. 
In Denmark, approximately 400 million DKK per year are spent by the 
regional authorities on the management of soil and groundwater 
contamination. In 2012, “only” approximately 70 million DKK of the budget 
was used for site investigations (initial and detailed investigations) (Danish 
EPA 2014a). This illustrates the limited resources available; consequently, 
prioritization among sites and specific sampling strategies (i.e. placement and 
number of samples) is necessary. The sampling strategy should reflect a 
balance between the resources available and the risk of not finding an 
unknown or unexpected contaminated area. Thus, considerable uncertainties 
are involved with conventional site investigations due to insufficient 
historical information and/or low sampling density (Wycisk et al. 2013, Rein 
et al. 2011). The uncertainty can be reduced by applying a denser sampling 
grid; however, this is unlikely to be feasible with the conventional screening 
methods, especially at large sites (Döberl et al. 2012). Instead, the application 
of cost-effective and fast initial screening methods with higher sampling 
density will be useful during initial site investigations. A screening method 
can give an overview of the entire accessible site without considerable cost 
4 
elevation. The results obtained by initial screening can be used to better plan 
the placement of more invasive methods like direct push technologies or 
more costly initiatives such as installation of groundwater monitoring wells. 
This will make site investigations more efficient and reduce the uncertainties 
of overlooking contaminated areas (Algreen et al. III and IV, Döberl et al. 
2012, Rein et al. 2011). 
1.2 Phytoscreening 
Phytoscreening is a cost-effective and rapid screening method which uses 
vegetation as a bio-indicator for contaminants(Algreen and Trapp 2014, 
Trapp et al. 2012, Burken et al. 2011).. The principle of phytoscreening used 
for subsurface contamination, is that contaminants are taken up by the plant 
roots and translocated upwards to plant tissue above ground (Dettenmaier et 
al. 2009, Ma and Burken 2003, Newman et al. 1997). The plant tissue can 
then be sampled and analyzed for contaminants, which may reflect the 
contamination in the subsurface (Vroblesky 2008). A variety of plants (e.g. 
vegetables or trees) and plant parts (e.g. leaves or wood) can be useful for 
phytoscreening (Trapp et al. 2012, Stefanov et al. 2012, Gopalakrishnan et al. 
2007). Trees are preferred due to their large root system, which integrates 
over a large capture zone, and the all year availability of plant materials in 
the form of wood. The collection of wood samples from trees can be done by 
coring; this method is termed tree coring (Algreen and Trapp 2014, 
Vroblesky 2008). Tree coring has already been applied repeatedly and 
successfully to locate subsurface contamination of chlorinated solvents (Rein 
et al. 2015, Limmer et al. 2011, Larsen et al. 2008, Sorek et al. 2008, 
Vroblesky et al. 2004 and 1999). However, to date the research on the 
feasibility of tree coring for other compounds is more limited. 
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1.3 Aim and objectives of the PhD project 
As tree coring has shown to be a useful screening method to detect 
chlorinated solvents in the subsurface, it is pertinent to test the feasibility of 
the method for other groups of contaminants. Relevant contaminants include 
heavy metals and BTEX because both are frequently found in the terrestrial 
environment. Some heavy metals (e.g. copper, nickel and zinc) serving as 
essential elements are taken up with transpiration water and BTEX have 
similar physico-chemical properties (such as water solubility; KOW and  
Henry’s law constant) as chlorinated solvents (PCE, TCE), which makes 
these compounds likely candidates for tree coring. PAHs are another frequent 
group of contaminants, where some are known to sorb strongly to the soil 
matrix leading to low freely dissolved concentrations. The low freely 
dissolved concentrations will limit the availability for trees, which could 
reduce the usefulness of tree coring for these compounds. Knowledge about 
the PAH plant uptake from different soils and subsequent translocation will 
be a good indicator for the feasibility of tree coring as a screening tool for 
PAHs in the subsurface.   
Commercial use of tree coring could be as a screening method for initial site 
investigations, which requires methods that are cost-effective and can be 
applied rapidly. However, soil gas sampling is another screening method 
which already exists and has been applied commercially with success. For 
tree coring to gain commercial value, the overall advantages gained by use of 
the method need to be clarified, in particular, it should be identified for which 
purposes tree coring would be beneficial compared to soil gas sampling. 
Therefore, the aim of this PhD project has been to investigate the feasibility 
of tree coring as a screening tool for selected contaminants in the subsurface 
and to investigate under which conditions and for which purposes tree coring 
can be advantageous compared to other screening methods. The specific 
objectives of the PhD project are:     
Objective 1:   Test the feasibility of tree coring for selected heavy metals in 
the subsurface. 
 Hypothesis: Metals are ubiquitously found in the environment, 
where some are essential to plants; therefore the occurence of 
heavy metals in wood alone is no sufficient indicator for 
subsurface pollution, and a comparison to reference trees is 
needed. 
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Objective 2:   Test the feasibility of tree coring for BTEX compounds in the 
subsurface. 
 Hypothesis: It is expected tree coring may be useful to 
detected BTEX in the subsurface, because BTEX have similar 
physico-chemical properties as chlorinated solvents for which 
the method have been useful for. However natural attenuation 
may cause low concentrations in wood. 
 
Objective 3: Compare the feasibility of tree coring to soil gas sampling. 
 Hypothesis: Tree coring is a rapid and cost-effective 
screening method useful as a screening tool for detection of 
hot spots or unknown source areas.  
 
Objective 4: Investigate the PAH uptake from different soils into plants.   
 Hypothesis: Sorption of PAHs to the soil matrix results in a 
desorption-resistant fraction, which will lead to a limited 
potential for the plant uptake of PAHs from soil. 
 
 
An overview of the research topics in focus within this PhD project and 
related publications generated during the research is given in Figure 3. 
(  )
 
Figure 3: Overview of research topics in focus within this PhD project and the outcomes 
in form of publications. 
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2 Tree coring 
The use of trees as bio-indicators for subsurface contamination began in the 
1990’s. Groundwater contamination was investigated by analysis of element 
concentrations in individual tree rings (Yanosky and Vroblesky 1992, 
Vroblesky and Yanosky 1990). Subsequently, analysis of organic compounds 
in tree cores began with the purpose of revealing current groundwater 
contaminations (Vroblesky et al. 1999, 1992). Today, the method has been 
applied at numerous sites and is generally useful for detection of subsurface 
contamination with chlorinated solvents (Rein et al. 2015, Limmer et al. 
2011, Sorek 2008, Larsen et al. 2008, Vroblesky et al. 2004). This despite the 
fact that the wood concentrations varies based on the specific site, tree 
species, climate conditions, time of sampling and sampling approach 
(Algreen et al. I, II and III, Limmer et al. 2014b, 2014c and 2013, 
Wittlingerova et al. 2013, Holm and Rotard 2011, Doucette et al. 2007). 
However, tree coring can provide information on a relative level of 
contamination in the subsurface at the time of sampling, which is valuable 
information during initial site screenings. 
2.1.1 Function  
The main uptake pathways of contaminants into plants are from the 
subsurface or by deposition from air to plant tissue above ground (Burken et 
al. 2005, Berthelsen et al. 1995, Simonich and Hites 1994). When 
investigating the feasibility of trees as bio-indicators for subsurface 
contamination, only uptake of contaminants from the subsurface via the roots 
is considered (cf. Figure 4). Roots can take up dissolved contaminants in 
water (pore and groundwater) by the transpiration stream. Trees collect the 
majority of their water supply from the upper soil layers, but uptake from 
deeper soil layer sources such a shallow groundwater can also happen 
particularly in dry periods (Smith et al. 1997, Dawson and Pate 1996, Larcher 
1995). Besides, organic compounds present in the pore air in the unsaturated 
zone can also be taken up by the roots (Burken et al. 2005, Struckhoff et al. 
2005). After uptake through the roots, the contaminants can be translocated to 
other plant tissue above ground, where they will be phytovolatilized, 
absorbed or degraded depending on their physico-chemical properties and the 
plant tissue/species do their content of e.g. lignin (Ma and Burken 2002, 
Trapp 2002, Trapp et al. 2001, Mackay and Gschwend 2000, Burken and 
Schnoor 1998). By means of tree coring a small sample from the trunk of a 
tree (a tree core) is sampled and analyzed. This sample can reflect subsurface 
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contamination near the root zone. The extent of the root zone depends on 
factors like the tree species, the soil conditions, the climate and the density of 
planting (Canadell et al. 1996). The width of the root zone is observed to 
extend well beyond the width of the tree canopy. Lateral root extension is 
mostly reported to be between 10-20 m in radius, but radii of >50 m have also 
been reported (Stone and Kalisz 1991). The rooting depth is in average 7.0 
(±1.2) m bgs (below ground surface) across species and climate; deepest for 
trees in dry areas and shallower in boreal areas (Canadell et al. 1996). In the 
temperate zone, the average rooting depth is reported to be 2.9 m for a 
deciduous forest and 1 m deeper for a coniferous forest. In addition, capillary 
forces can lead to vertical movement of volatile compounds (Newell et al. 
2015). Thereby have contaminations down to 19 m bgs been observed by tree 
coring (Sorek 2008). This indicates that a measurement by tree coring is a 
signal integrated over a large capture zone. 
 
Root hair
Tap root
Sinker root
Sapwood
Heartwood
Tree core
sample
Average lateral root 
spread 10-20 m
Average maximal  root depth 2.9 m bgs
Uptake of organic compounds
from water and pore air
Uptake of heavy metals 
from water
Height 1 m
Length
5 cm
A 
B 
 
Figure 4: Conceptual model of the extent of the root system, plant uptake by the roots (A) 
and tree core sampling (B). 
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2.1.2 Operation 
Tree coring is still a new technique; nevertheless, many have tried the 
application and it has been shown that the sampling approach can influence 
the outcome of tree coring (Limmer et al. 2014c, Odom et al. 2013, Doucette 
et al. 2007, Vroblesky et al. 1999). Samples collected and handled the same 
way allow for a better comparison of results (Wahyudi et al. 2012). 
Therefore, guidance documents for tree coring have been developed by Holm 
et al. (2011) and Vroblesky (2008). Two (similar) documents have been 
developed within this PhD project (Algreen and Trapp 2014, Trapp et al. 
2012). In these documents, it is recommended that tree cores are sampled by 
a specific hand drill (Suunto, Finland), 1 m above ground and 6 cm into the 
trunk wherefrom mainly sapwood (living wood) is extracted (cf. Figure 4). 
The outer part (mainly bark and phloem) of the tree core has to be removed to 
minimize any influence of contaminants taken up from the atmosphere. The 
contaminant concentrations inside of the tree along the circumference of the 
trunk will vary (Limmer et al. 2013, Holm and Rotard 2011, Vroblesky et al. 
1999). A reason may be that the xylem inside the trunk reaches from roots to 
the leaves taking up water and contaminants from different soil areas. 
Another reason may be the variation in transpiration rates around the tree 
caused by different sun exposure (Larcher 1995). Therefore sampling along 
the circumference of the trunk to avoid false negatives (measurements where 
the contaminants are not measured in the wood even though they have been 
measured in soil or groundwater) is recommended.  
When screening for volatile compounds, the sampling should be conducted 
from late summer to early winter. During this period the highest 
concentrations in wood are to be expected due to a high transpiration rate, 
which increases the uptake of contaminants, and low temperatures, which 
decrease the (phyto)volatilization of the contaminants (Limmer et al 2014a, 
Wittlingerova et al. 2013). The tree cores can be collected in analytical vials, 
which have to be closed immediately to avoid loss of volatile compounds (cf. 
Figure 4), where after they can be analyzed. HS-GS/MS (Headspace-Gas 
Chromatography/Mass Spectrometry) is a commonly applied analytical 
method for volatile compounds in wood (Algreen and Trapp 2014, Limmer et 
al. 2011, Doucette et al. 2007, Ma and Burken 2002, Vroblesky et al. 1999). 
Other more sensitive analytical methods such as SPME/HS-GS/MS (Solid 
Phase Micro Extraction) or in planta measurements have also been applied 
(Rein et al. 2015, Limmer et al. 2014c and 2011, Sheehan et al. 2012, Holm 
and Rotard 2011).  Screening of heavy metals can be done all year because 
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heavy metals are not degradable and do not undergo phytovolatilization. The 
samples have to be protected from cross-contamination until extraction of the 
heavy metals from the wood. Heavy metals can be analyzed by ICP-OES 
(Inductively Coupled Plasma-Optical Emission Spectrometry) (Algreen and 
Trapp 2014). A possible advantage of the tree coring method is that a single 
tree core sample allows for the analysis of volatile compounds as well as an 
additional subsequent analysis for heavy metals for the same minute sample 
acquired with minimal effort.    
The tree core extraction is a standard technique, widely used in forestry, 
which is harmless for the trees and causes only little or no damage to 
personal property (Trapp et al. 2012, Graae 2011, Norton 1998). Only small 
holes in the trunks are left behind which the trees respond to by forming 
boundaries to isolate the injured tissue and hereby resist pathogens (Shigo 
1984). Even excessive coring has shown not to increase the frequency of tree 
death (Weber and Mattheck 2006). However, when using trees for monitoring 
purpose, where several tree cores are needed, alternatives to tree cores such 
as in planta sampling or passive sampling devices exist (Limmer et al. 2014b, 
Shetty et al. 2014, Sheehan et al. 2012). Due to the inherent minimal 
invasiveness of the method, which limits the amount of damage done at a 
perspective sampling site, this method could address personal property 
owners’ apprehensions with the process of site investigation, thereby making 
it easier to obtain permission to extract samples on private property.  
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3 Tree coring use for selected contaminants 
In the following sections the feasibility of tree coring for detection of 
selected contaminants in the subsurface is described. The properties and the 
fate of the selected compounds in the terrestrial environment affect the use of 
tree coring, therefore a short introduction for each group of compounds is 
given. The research of the feasibility of tree coring is based on field sampling 
of different tree species at various test sites.  
3.1 Heavy metals  
The heavy metals within focus of this PhD project were arsenic (As), 
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn), which 
in the terrestrial environment often can be found in elevated concentrations 
(Kabir et al. 2012). Heavy metals are of concern due to their toxicity and 
some are carcinogenic to humans (IARC 2015 and 2012, Holm and 
Christensen 1997). 
Heavy metals are non-degradable and can be found in different chemical 
species. They are a natural part of the earth's crust for which reason 
background concentrations are found ubiquitously. Some background levels 
of heavy metals in soil are reported by the Danish EPA and by WHO (World 
Health Organization) which can be seen in Table 1. However, anthropogenic 
activities including mining, metallurgical industries, wood preservatives, 
corrosion inhibition, semiconductor industries and waste incineration are also 
significant contributors to the concentrations of heavy metals in the terrestrial 
environment (IARC 2012, Adriano 1986).  
Table 1: Background levels of selected heavy metals in soils (mg/kg).  
 As Cd Cr Cu Ni Zn 
Background level, Denmark1 2-6 0.03-0.5 1.3-23 13 0.1-50 10-3004 
Background level, WHO2 5 0.03–13 37.0 - 10–210 - 
1: Danish EPA 2014b, c.  2: IARC 2012,  3: Sediment,  4: Algreen et al. II 
 
3.1.1 The fate of heavy metals in the terrestrial environment 
In general, heavy metals are not very mobile and the highest concentrations 
are found in the top soil (Adriano 1986). The fate of heavy metals in the 
terrestrial environment is very complex due to their inherent characteristica, 
the speciation and the soil properties including the pH, soil texture, organic 
matter, redox potential and the concentration of other ions which will have 
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impact on the bioavailability of the heavy metals (Sauve et al. 2000, Holm 
and Christensen 1997). Further details on the complex fate of the elements in 
the terrestrial environment will not be explored within this PhD project; 
instead reference is made to the literature (e.g. Holm and Christensen 1997, 
Adriano 1986). 
3.1.2 Plant uptake of heavy metals 
Heavy metals like Cu, Ni and Zn are essential micronutrients critically 
involved in plant growth and survival; they are therefore taken up naturally 
by the plant roots (Brown et al. 1987, Lipman & Mackinney 1931, Sommer & 
Lipman 1926). Non-essential heavy metals as As, Cd, Cr can also enter plant 
cells by carriers of essential ions such as iron or sulfate, or directly by the 
nutrients uptake system for similar elements in terms of charge and ionic radius 
(McLaughlin et al. 2011, Clement 2006, Shanker et al. 2005). The 
phytoavailability and uptake of the heavy metals depends not only on the soil 
properties (see above), the heavy metals or their total concentration, but also 
on the plant species (even clones) and the rhizosphere conditions where 
present microorganism can enhance or reduce the phytoavailability of the 
heavy metals (Rajkumar et al. 2012, Unterbrunner et al. 2007, Laureysens et 
al. 2004, Pulford et al. 2002). The following translocation and partitioning 
into different plant tissue differ with the individual elements (Pulford and 
Watson 2003, Jayasekera and Rossbach 1996). An overview of the different 
factors influencing the uptake and translocation of heavy metals from soil 
into plants is given in Figure 5. 
Plant
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Figure 5: Overview of the main factors influencing the plant uptake and translocation of 
heavy metals from soil into plants. 
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All the heavy metals in focus within this PhD project are toxic to trees at high 
concentrations as they can affect major physiological and metabolic processes in 
the plants (McLaughlin et al. 2011, Prasad 1995).  
3.1.3 Tree coring as a screening tool for selected heavy metals 
During this project, tree coring has been applied at four test sites 
contaminated with heavy metals. Based on their total soil concentrations, the 
test sites are categorized as slightly contaminated (above the soil quality 
criteria, but below the cut-off criteria) to highly contaminated (above the cut-
off criteria) according to Danish standards (Danish EPA 2014c). Samples 
from willows (Salix spp.), poplars (Populus spp.), birchs (Betula spp.), 
cherries (Prunus spp.), ashes (Fraxinusexcelsior spp.) and mountain ashes 
(Sorbus aucuparia spp.) were collected. Investigations of the feasibility of 
tree coring for detection of elevated heavy metal concentrations in the 
subsurface are presented in Algreen et al. I and II. The main findings are 
outlined in the following. 
The use of tree coring as a screening tool to identify soil contamination with 
heavy metals is challenged by their ubiquitous presence in the environment.  
Consequently, background concentrations are found in trees and wood, 
whereby the detection of heavy metals in the wood does not document 
contamination of the subsurface. For this, a statistical comparison is required. 
Measured concentrations in trees from a test site (potentially contaminated) 
need to be compared with measured concentrations in trees from a reference 
site (non-contaminated) to determine if the soil concentrations at the test site 
are significantly elevated (Algreen et al. I). If significantly elevated 
concentrations are detected in wood from the trees at the test site compared to the 
reference site, indication of subsurface contamination is found. To increase 
the statistical certainty, groups of trees growing on a chosen test site are 
sampled and tested against samples from a group of trees at the reference site. 
The chosen group of trees can represent the entire test site (Algreen et al. I 
and II) or subareas at the test site (Martac et al. 2014).  
The need of reference trees involves some uncertainties; the plant uptake can 
vary among the sites based on differences in the bioavailability of heavy 
metals caused by different soil properties (Pulford et al. 2002, Marin et al. 
1993). Additionally, the reference site can be contaminated from atmospheric 
input, or from an unknown source (Algreen et al. I, Kabir et al. 2012, 
Berthelsen et al. 1995). Therefore the reference site needs to be selected with 
caution.  
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Tree species. Different tree species were tested to investigate if a preferred 
tree species could be found. Among the tested tree species, the uptake of 
heavy metals was generally higher for willow and poplar (willow > poplar), 
and the elevation of wood concentrations at the test site compared to the 
reference site was more pronounced (Algreen et al. I and II). High wood 
concentrations could also be found for birch, which is in agreement with the 
results of Evangelou (2013), Unterbrunner (2007) and co-workers, who 
investigated plant uptake in willow, poplar and birch at heavy metal 
contaminated sites. However, the difference in wood concentrations between 
the test site and the reference site was less pronounced for birch (Algreen et 
al. I). It has also been shown that the differences in wood concentrations (Cd 
and Cr) can be greater between tree species (birch vs. willow and willow vs. 
poplar) than the reference site and the test site (Algreen et al. I). Therefore it 
is important that the sampled tree species at the test site and the reference site 
are identical. This requirement complicates the use of tree coring as the 
preferable species (i.e. poplar or willow) are not always present at the test site 
and/or at the reference site. Additionally, the sampler is required to have the 
necessary skills to distinguish between the species; a difficult task for 
untrained personnel, especially during winter time.  
Concentrations in wood. The average wood concentrations measured at the 
test sites and the reference sites (willow and poplar) are summarized in Table 
2. Typical background concentrations in willows and poplars found during 
this PhD project were between 0.33-0.86 mg/kg for Cd, 1.20-1.95 mg/kg for 
Cu, 0.095-0.51 mg/kg for Ni and 10.5-32.0 mg/kg for Zn. The concentrations 
of As and Cr were for most samples below the detection limit (Algreen et al. 
I and II). Shanker (2005) and Marin (1993) have together with co-workers 
shown that As and Cr are taken up by the roots; however, the elements were 
accumulated in the roots, whereby the concentrations in the plant tissue 
above the ground were low. Hence, tree coring will be less useful for these 
elements. The wood concentrations at a highly contaminated site were 0.52-
3.08 mg/kg for Cd, 1.11-10.7 mg/kg for Cu, 0.48-0.49 mg/kg for Ni and 25.3-
106 mg/kg for Zn. In general, the measured concentrations ranked 
Zn>Cu>Cd>Ni at both the test sites and the reference sites.   
Test site vs. reference site. A statistical comparison of wood concentrations 
(in willows and poplars) from the test sites and the reference sites shows that 
the average concentrations of all the investigated elements, except Cu in 
poplar wood, were significantly higher in the wood from the strongly 
contaminated test site (cf. Table 2). For the test sites with lower 
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contamination levels, the concentration differences were sometimes very 
small or not distinguishable. Despite this overall trend, individual trees from 
the reference site may have higher wood concentrations than trees from the 
test site (Algreen et al. II). Overall, the difference between wood 
concentrations from the test site and reference site was more pronounced for 
willow than for poplar (Algreen et al. I). This indicates that tree coring may 
be useful to detect elevated concentrations of heavy metals at strongly 
contaminated sites (e.g. soil concentrations above the cut-off criteria) and 
that willows would be preferred over poplar.  
Table 2: Mean measured concentrations (mg/kg dw) of Cd, Cu, Ni and Zn in willow and 
poplar obtained through different sampling campaigns. R = reference site, T = test site and 
n = number of tree core samples. Significant differences in bold (α= 5%) or italic (α= 
10%).  
 Valby Denmark1 
Møringa 
Norway2 
Frederiksværk 
Denmark! 
Hillerød 
Denmark1 
Tree species Willow Poplar Willow Poplar Poplar Willow
Site R T R T R T R T R T R T
 n=8 n=36 n=8 n=36 n=22 n=22 n=6 n=18 n=4 n=36 n=4 n=17 
Cd 0.65 3.08 0.33 0.52 0.69 0.76 0.62 0.51 0.52 0.42 0.86 0.22 
Cu 1.68 10.7 1.28 1.11 1.95 3.05 1.33 1.66 1.20 1.64 1.79 1.51 
Ni 0.095 0.48 0.18 0.49 0.29 0.34 0.14 0.29 0.27 0.34 0.51 0.36 
Zn 21.6 106 10.5 25.3 32.0 36.4 27.0 32.5 20.6 35.7 24.1 19.6 
Level of soil 
contamination High Medium Medium Low 
1: Algreen et al. II 2: Algreen et al. I.    
 
A time saving simplification of the application of tree coring would be to use 
a general background value for each heavy metal in wood. This could 
potentially replace the reference samples, but the literature of natural 
background concentrations in trees is very limited and mainly focused on 
other plants or plant parts (i.e. lower plants, roots, or leaves) (Nordlokken et 
al. 2015, Jayasekera and Rossbach 1996). Additionally, the background 
concentrations in wood has shown to differs with the types of trees (i.e. 
conifers or deciduous), the species (e.g. willow, poplar or birch) and the plant 
tissue (e.g. wood or entire tree) as show in Algreen et al. I. However, 
relatively constant background concentrations have been found for poplar and 
willows, which both belong to the Salicaceae family (Algreen et al. II). If a 
general background value can be confirmed by further studies, tabulated 
natural background values could be used rather than reference samples to 
evaluate subsurface contamination by tree coring. 
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Comparison to soil concentrations. Algreen et al. (II) investigated the 
correlation between heavy metal concentrations measured in wood and soil, 
and thereby the method’s ability to estimate the soil concentrations. At low 
total concentrations in soil, the concentrations of heavy metals in wood are 
almost constant and increasing total concentrations only resulted in slight 
variations. Only at high total soil concentrations did the wood concentrations 
increase as well; a stronger correlation was found for willows compared to 
poplars (cf. Figure 6A). A reason could be that the plant uptake is regulated 
by biological control mechanisms, which maintain the wood concentrations 
within a narrow concentration range even with a large span of soil 
concentrations. At phytotoxic levels these mechanisms can break down and 
the concentrations in trees subsequently increase (McLaughlin et al. 2011). 
This indicates that the concentrations measured in the wood cannot be used to 
estimate the total heavy metal concentration in soil.  
A better correlation with the phytoavailable fraction of heavy metals in soil 
could be expected. Therefore, a comparison of the wood concentrations with 
the bioavailable concentrations in soil would be beneficial. Various 
extraction methods have been applied in order to determine the bioavailable 
fraction in soil, but an accurate method at this time does not exist (van Gestel 
2008). However, CaCl2-extraction is a common method to estimate the 
phytoavailable concentration of heavy metals (Basar 2009, Meers et al. 
2007). Consequently, this method was used by Algreen et al. (I) to measure 
the easily extractable concentrations in soil. The wood concentrations versus 
the easily extractable concentrations in soil are shown in Figure 6B, where no 
clear correlations between the concentrations were found. This non-linearity 
of metal concentrations in wood and soil is consistent with studies of other 
lower plants (i.e ferns and flowers) and conifers (Tuovinen et al. 2011, 
McLaughlin et al 2011). 
This infers that the measured heavy metal concentrations in wood cannot give 
a quantitative estimate of the soil concentration. Nevertheless, tree coring can 
give an indication of whether the soil is highly contaminated with heavy 
metals shown by clearly elevated concentration levels in the wood (Algreen 
et al. I and II).  
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Figure 6: Measured concentrations of Cd, Cu, Ni and Zn in wood from willows and 
poplars from a Danish test site versus the total concentrations in soil (A) and the easily 
extractable concentrations (B). Lines represent linear fit (Poplar dotted), modified from 
Algreen et al. II. Black arrows = maximum typical Danish background levels in soil and 
white arrows = the cut-off criteria (Danish EPA 1998a and 2014c) (figure A).  
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3.2 BTEX compounds 
BTEX compounds are components of petroleum, oil and tar products. These 
products are widely used in large quantities and as a consequence BTEX are 
frequently found as contaminants in the terrestrial environment (Roost 2014, 
Danish EPA 1998c). Contamination of the subsurface can likely result from 
dump sites, leaks from underground tanks and pipelines, spillage during 
handling of the products, or accidents.  
BTEX are toxic for humans and the environment. Benzene is a known 
carcinogen, ethylbenzene is classified as a possible carcinogen, while there is 
inadequate evidence for the carcinogenicity of toluene and xylene rendering 
them not classifiable (IARC 2015). 
3.2.1 BTEX´s fate in the terrestrial environment 
BTEX are liquids lighter than and not miscible with water, thus they are 
categorized as Light Non-Aqueous Phase Liquids (LNAPLs). After a spill, 
the compounds will migrate downwards through the unsaturated zone under 
the force of gravity, while residuals are retained in the soil pores (Newell et 
al. 2015). For illustration see Figure 7. For large spills, the migration will 
continue until the plume encounters either a low permeable layer or the water 
table. At the water table, the LNAPL will spread laterally in the down 
gradient direction.  
Partitioning of BTEX in the subsurface occurs between four phases: LNAPL, 
gas in the pore air, dissolved in water, sorbed to the solid phase. The 
distribution among the phases depends on the soil properties including the 
organic matter, microorganisms and redox potential as well as the properties 
of the compounds (Newell et al. 2015). Selected properties for BTEX are 
given in Table 3.  
Table 3: Physical and chemical properties for BTEX at 20-25°C1.  
 Benzene Toluene Ethylbenzene Xylene 
Chemical structure 
    
Vapor pressure (Pa) 12700 3800 1270 880-1170 
Water solubility (mg/L) 1760 550 170 180-200 
Henry’s law constant 
(Lwater/LOctanol) 0.22 0.27 0.32 0.22-0.29 
Log KOW (Lwater/LOctanol) 2.1 2.7 3.2 3.1-3.2 
1: Mackay et al. 1992 
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BTEX have relatively high vapor pressures and water solubilities (cf. Table 
3), thus these compounds tend to evaporate into the pore air or dissolve into 
the pore water. The tendency of the compounds to adsorb to soil is described 
by the octanol-water partition coefficient (log KOW), and the compounds 
tendency to transfer from the water phase to the air phase is described by the 
Henry’s law constant. BTEX have relatively low log KOW values and high 
Henry’s law constants (cf. Table 3), indicating that the compounds have a low 
tendency to sorb to solid phase but tend to volatilize from water into air.  
Natural attenuation by volatilization and biodegradation is important for the 
fate of BTEX compounds in the subsurface (Jindrova et al. 2002, Kao and 
Prosser 2001, Lahvis et al. 1999). BTEX are biodegradation fast by 
microorganisms under aerobic conditions (unsaturated zone); however, 
anaerobic degradation of BTEX can occur and also faster under e.g. iron-
reducing conditions (Salanitro et al. 1997a).  The free phase will not be as 
readily biodegradable, which may be due to the inability to create and 
maintain favorable conditions for the microbes, e.g. lack of oxygen (Newell 
et al. 2015). 
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Figure 7: Conceptual model of LNAPL transport in subsurface and phase distribution. 
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3.2.2 Plant uptake of BTEX 
Another significant attenuation pathway for BTEX is uptake from the soil by 
plant roots followed by translocation to plant tissues above ground 
wherefrom the compounds can be phytovolatilized (Dettenmaier et al. 2009, 
Burken and Schnoor 1999 and 1998, Newman et al. 1997). The potential for 
uptake and translocation is related the log KOW. Log KOW values near 2 as for 
the BTEX allow significant plant uptake (Dettenmaier et al. 2009, Burken 
and Schnoor 1998).   
BTEX is phytotoxic, which can lead to reduced seed germination and plant 
growth (Salanitro et al. 1997b). 
3.2.3 Tree coring as a screening tool for BTEX 
During this project, tree coring has been applied as a screening tool at three 
sites contaminated with benzene, toluene, ethylbenzene, and xylenes above 
the Danish quality criteria (Danish EPA 2014b). Tree cores from mainly 
willows (Salix spp.) and poplars (Populus spp.) were sampled, but tree core 
samples were also collected from other tree species. The investigation of the 
feasibility of tree coring for detection of BTEX in the subsurface is presented 
in this PhD thesis; some parts are also presented in Algreen et al. III or 
Martac et al. 2014.  
Concentrations in wood. BTEX were detectable by HS-GS/MS in some tree 
core samples from all test sites, though in relatively low concentrations (cf. 
Table 4). The low BTEX concentrations in wood are in agreement with other 
literature (Fonkwe 2015, Sorek et al. 2008, Trapp et al. 2001). During this 
PhD project toluene was the most frequently detected compound found in 
59% of the samples. The xylenes and ethylbenzene were measurable in 19% 
and 16% of the samples, respectively and benzene was the least frequently 
detected compound with measurable concentrations in only 7% of the 
samples. Low or limited detection of BTEX in the wood could be due to the 
natural attenuation of the compounds in the soil or the plant, as described 
above, whereby only small concentrations of BTEX are retained in wood. 
Burken and Schnoor (1999) have shown that translocation and 
phytovolatilization were more rapid for benzene than the other BTEX 
compounds, which can explain the low frequency of measurable benzene 
concentrations in wood found in this PhD project. In addition, the presence of 
tree can also increase the natural attenuation. First, trees induce daily water 
table fluctuations due to transpiration, which introduce air into the subsurface 
and potentially stripping off the volatile compounds. Second, the increased 
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amounts of oxygen and the root exudates can stimulate the BTEX 
degradation by microorganisms (Wilson et al. 2013, Weishaar et al. 2009, 
Barac et al. 2009, Collins et al. 2002, Trapp and Karlson 2001).  
Table 4: Average, median and maximum BTEX concentrations measured in tree cores 
from different test sites presented as headspace concentrations in vails with 4.5 ml water 
(µg/L). n = the number of trees sampled, the number in brackets = the number of samples 
above detection limit, n.d = not detected and n.a = not analyzed. 
  Benzene Toluene Ethylbenzene Xylenes
Szprotawa  
1st sampling 
campaign 
n=57 
Average 254 (2) 111 (21) 177 (4) 186 (4) 
Median 254 64 62 187 
Max 395 416 569 318 
Szprotawa  
2nd sampling 
campaign 
n=35 
Average 4.7 (7) 9.5 (33) 2.7 (22) 3.8 (23) 
Median 0.7 2.7 0.3 0.6 
Max 31.7 86.4 37.4 47.0 
Søllerød  
n=52 
Average 0.88 (3) n.a. n.d (0) 0.39 (1) 
Median 1.10 - - - 
Max 1.15 - - - 
Gentofte 
n=21 
Average n.d (0) n.a. n.d (0) 1.29 (3) 
Median - - - 1.31 
Max - - - 2.17 
 
Comparison to soil and groundwater concentrations. Wood concentrations 
were measured by tree coring at the Szprotawa, Gentofte and Søllerød test 
sites. At the Szprotawa test site good agreement was found between the 
concentrations measured in wood and in soil (near the groundwater table) 
based on BTEX concentration levels (cf. Figure 8) (Algreen et al. III). The 
use of trees as bio-indicators was clearly useful to identify areas with 
contaminated soil. By comparing the wood concentrations statistically to the 
concentrations measured in soil and in the groundwater, significant rank 
correlations (α  = 10%) were found between concentrations measured in tree 
cores and the soil samples (r2 = 0.6748, n= 14) and between tree cores and 
groundwater samples (r2 = 0.7714, n = 6) (Algreen et al. III).  
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A 
 
Site name:  
Szprotawa, Poland 
 
Compound: 
BTEX 
 
Geology:  
Silt, sand and gravel 
 
Groundwater table: 
1.2 - 2.2 m bgs 
Fuel station
Aircraft shelters
Engines heating
Storage area
100 m
n.d
n.d
n.d
n.d
100
No or low BTEX level in wood
Medium BTEX level in wood
High BTEX level in wood
Soil concentrations [mg/kg]
 
B 
A zoom into the fuel  
station shown in figure A  
 
50 m
10
100
10
40
60
200
No or low BTEX level in wood
Medium BTEX level in wood
High BTEX level in wood
Soil concentrations [mg/kg]
 
Figure 8: Results from tree coring and measured soil concentrations from the Szprotawa 
test site (A) and the former fuel station at Szprotawa (B). Marks indicate sampled trees or 
soil concentraions (see legend). 
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The BTEX concentrations measured in wood from the Gentofte test site and 
the Søllerød test site were not in accordance with the concentrations found in 
groundwater (cf. Figure 9).  
 
A 
Site name:  
Gentofte, Denmark 
 
Compound: 
BTEX 
 
Geology:  
Fill, clay, sand 
 
Groundwater table: 
 5 m bgs 
No detection of BTEX in wood           
Detection of xylenes in wood
Detection of benzene i wood
Benzene/ sum TEX in groundwater [µg/L]
400/13.700 1600/9000
12/1680
130/6900
22/2000
<0.05/1.0
Gas
 
B 
Site name:  
Søllerød, Denmark 
 
Compound: 
BTEX 
 
Geology:  
Varying layers of 
silt, clay and clay till 
 
Groundwater table: 
 4 m bgs No detection of BTEX in wood           
Detection of xylenes in wood
Detection of benzene i wood
Benzene/ total hydrocarbon in groundwater [µg/L]
950/2100
7.8/300
1.9/23000 300/5900
<0.20/25
 
Figure 9: Tree coring results from the Gentofte test site (A) and the Søllerød test site (B). 
Marks indicate sampled trees. Groundwater concentrations were repoted in Jord-Miljø 
(2013) and Cowi (2011a). Marks indicate sampled trees or soil concentraions (see legend). 
 
The measured wood concentrations were very low with very few 
measurements above the detection limited (DL) (cf. Table 4). The detection 
of BTEX above the DL could be false positives caused by background 
concentrations apparently origination from the nearby traffic. BTEX 
background air concentrations have also been demonstrated by Fonkwe 
(2015) and Vroblesky (2008). These measurements are categorized as false 
positives. The risk of false positives can be minimized by the use of control 
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samples. Control samples including reference samples from a nearby non-
contaminated site and blank samples only containing air from the test site are 
recommended (Vroblesky 2008). In addition, no measurable concentrations 
were detected in wood in the areas where high BTEX concentrations were 
measured in the groundwater. These measurements are therefore categorized 
as false negatives. False negatives will limit the reliability of tree coring 
when screening for BTEX. However, the risk of false positives or negatives 
will always be present when applying tree coring as a screening tool, but the 
possibility of high density sampling can reduce the detriment of false 
detections.  
Inconsistent screening outcomes. Taking into account both the 
measurements obtained at the Szprotawa test site and the measurements 
obtained at the two Danish test sites (Gentofte and Søllerød) inconsistent 
results concerning the feasibility of tree coring as a screening tool for BTEX 
in the subsurface have been uncovered. It could be due to comparison are 
done to different media (soil or groundwater). Another reason could be found 
in the different subsurface conditions. At the Szprotawa test site the 
groundwater table is located approximately 1-2m bgs and the soil consists 
mainly of silt and sand (Algreen et al. III). At the two Danish test sites 
(Gentofte and Søllerød), the groundwater table is found 4-5m bgs and the soil 
has low-permeable layers (Jord-Miljø 2013, Cowi 2011a). Thereby a more 
substantial unsaturated zone is found at the two Danish test sites (Gentofte 
and Søllerød). The lower groundwater tables will cause a deeper downwards 
migration of the BTEX, which together with the low permeable soil layers, 
can make the compounds be less accessible for the roots. Reasons for the 
lower accessibility could include longer total distance between the BTEX and 
roots, increased adsorption to the solid phase or increased biodegradation 
(Wilson et al. 2013).  
Tree species. To test the feasibility of different tree species as bio-indicators 
of BTEX in the subsurface, sets of birch/pine and willow/poplar (chosen 
based on their availability) with adjacent locations (mutual spacing of max 3 
m) have been sampled simultaneously at the Szprotawa test site. The results 
showed more detectable concentrations in pine than in birch (cf. Figure 10). 
Limited detection of BTEX in birch has also been reported by Fonkwe (2015) 
and Wittlingerova and co-workers (2013) measured lower concentrations of 
chlorinated solvents in birch compared to pine. Therefore, it seems that birch 
is not as suitable for tree coring when screening for volatile compounds. 
When comparing willow and poplar (cf. Figure 11) both tree species pointed 
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to the same contaminated areas (confirmed by soil sampling). Higher BTEX 
concentrations were measured in willow than in poplar (Algreen et al. III). 
 
Pine                                Birch 
50 m
 
No or low BTEX level          Medium BTEX level         High BTEX level  
Figure 10: Tree coring results obtained by sampling of pine and birch at the Szprotawa 
test site. Marks indicate sampled trees. 
  
Willow                                     Poplar
100 m
 
No or low BTEX level          Medium BTEX level         High BTEX level  
Figure 11: Tree coring results obtained by sampling of willow and poplar at the Szprotawa 
test site. Marks indicate sampled trees. 
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3.3 PAHs  
Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds 
composed of two or more aromatic rings. Several hundred different chemical 
structures exist. A few PAHs have been selected to represent “priority 
contaminants” based on their structure and toxicity. In Danish soil focus is on 
fluoranthene, benzo(b)fluoranthene, benzo(j)-fluoranthene, benzo(k)fluor-
anthene, benzo(a)pyrene, dibenz(a,h)anthracene and indeno(1,2,3,cd)pyrene, 
but naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, 
anthracene, pyrene and benzo(ghi)perylene are also included as “priority 
contaminants” by the US EPA (Jacqueline et al. 2002). Additionally, 
innumerable investigations have been conducted on benzo(a)pyrene (BaP) 
due to its carcinogenic properties, which is why BaP is used as an indicator 
species for PAH contamination (EU lex 2004).  
The PAHs can be subdivided into petrogenic or pyrogenic PAHs depending 
on their origin. The petrogenic PAHs are naturally present in crude oil and 
coal, whereas the pyrogenic PAHs are formed by incomplete combustion of 
organic materials e.g. from fires, waste incineration and car exhausts 
(Manzetti 2013). Many PAHs are associated with acute toxicity, genotoxicity, 
mutagenicity and carcinogenicity (IARC 2015). 
3.3.1 Fate of PAHs in the terrestrial environment 
PAHs are synthesized naturally and are therefore found ubiquitously in the 
environment. However, anthropogenic activities have also introduced large 
amounts into the terrestrial environment, where they are relatively persistent. 
The distribution in the environment depends on their inherent physico-
chemical properties, which differ with the number of aromatic rings in the 
molecule, some examples are given in Table 5. Smaller compounds are more 
volatile and more mobile than the larger compounds (Jacqueline et al. 2002). 
The larger PAHs (≥3 rings) are in general characterized by a low vapor 
pressure and a moderate to low Henry’s law constant, which makes them 
semi-volatile (KH = 10-7 to 10-3) to non-volatile (KH < 10-7). They are 
relatively insoluble in water and tend to sorb strongly to soil phase due to 
their hydrophobicity, by which they are less mobile in the subsurface. They 
also sorb to pyrogenic particles such as soot, by which they can be 
transported in the atmosphere over long distances (Sofowote et al. 2011).  
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Table 5: Physical and chemical properties for selected PAHs at 25°C. 
 Chemical structure 
Vapor 
pressure 
(Pa)1,2 
Water 
solubility 
(mg/L)3,4 
Log KOW5 
Henry’s law 
constant 
(KH) 
(-)4 
Naphthalene 
 
10.4 34.8 3.30 2.0 x 10-2 
Phenanthrene  1.6 x 10-2 0.82 4.46 9.4 x 10-4 
Anthracene  8.0 × 10–4 6.6 x 10-2 4.45 2.7 x 10-3 
Benzo(a)- 
pyrene 
 
5.9 × 10–6 1.8 x 10-3 5.97 4.6 x 10-5 
Dibenzo(ah)-
antracene 
 
2.5 × 10–7 6.0 × 10–4 6.50 6.0 x 10-7 
1: Wasik et al. 1983 ,  2: Lei et al. 2000,   3: De Maagd et al. 1998, 
4: Pearlman et al. 1984,  5: Hansch et al. 1995,  6: New Jersey EPA 2015.   
 
3.3.2 Plant uptake of PAHs 
The diffusive uptake from soil into plant tissues is expected to be very slow 
for highly lipophilic compounds such as PAHs. However, radish experiments 
in the laboratory were accomplished during this PhD project to investigate 
the potential plant uptake from different soils with different accessible PAH 
concentrations. The work is presented in Algreen et al. V and the main 
findings concerning plant uptake are outlined in the following. 
Radish seeds were planted in PAH containing soils. The total PAH 
concentration ranked from a natural background level to highly contaminated 
soil according to Danish standard (Danish EPA 2014b). One soil contained 
pretreated soot wherefrom the readily desorbing PAH fraction was removed, 
only leaving the desorbing resistant PAHs (Mayer et al. 2011). Plant uptake 
from the desorbing resistant PAHs was expected to be limited compared to 
soil with readily desorbing PAHs due to limited phytoavailability 
(Gouliarmou et al. 2015). After seven weeks the plants were harvested and 
the PAH concentrations in the roots and the stalks were measured. 
Quantifications of the PAH concentrations were only possible in 41 % and 36 
% of the root and the stalk samples, respectively. The limited quantification 
of the PAHs in the roots samples and the stalks could be an indication of 
limited PAH plant uptake (Paterson and Mackay 1994). But it could also be 
caused by relatively high quantification limits due to a small sample mass. 
However, the quantitative measurements clearly showed similar PAH 
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concentrations in plants grown in soils with readily desorbing PAHs 
compared to soils with desorption resistant PAHs. In general, the 
concentrations in the roots were higher compared to the measured 
concentrations in the stalk, which is in agreement with findings by other 
studies showing; if the compounds are entering the roots, large portions will 
be retained in the roots, so that translocation upwards can be negligible 
(Paterson and Mackay 1994, Trapp 2002, Trapp et al. 2001). This indicates 
that the plant uptake of dissolved PAHs from soil may contribute to the 
measured concentrations in the roots during the plant experiment, but are 
unlikely to contribute to the concentrations in the stalk. More likely, the 
concentrations in plant parts above ground stem from atmospheric PAHs, 
where PAHs can be accumulated in the outer part of the plant material 
(Simonich and Hites 1994, Wang et al. 2004). Based on this and the limited 
correlation between concentrations in roots and stalks (cf. Figure 12), is it 
expected that the measured concentrations in the stalks originate 
predominantly from air. 
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Figure 12: Average concentrations of selected PAH compounds in plants versus the soil 
concentration in various soil treatments. Green: Agricultural soil (background 
concentration level), red: Soil containing treated soot with desorption resistant PAHs 
(lightly contaminated), black: Soil containing untreated soot (medium level of 
contamination). Blue: Bioremediated industrial soil with a high level of desorption 
resistant PAHs (highly contaminated). Modified from Algreen et al. V.  
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3.3.3 Tree coring as a screening tool for selected PAHs 
The plant experiment showed that total PAH concentration in the soil did not 
control the uptake and translocation of the PAHs into the plant tissue (cf. 
Figure 12).  This clearly shows that it will be difficult measure the PAH in 
wood and then to relate the measured concentrations with concentrations in 
the subsurface, which makes the use of trees as bio-indicators for PAH 
contaminations in the subsurface impractical.  
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4 Tree coring as a screening tool 
Due to the simplicity and comparatively low-cost of tree coring, the 
screening with this method does not need to be limited to the areas pointed 
out by the historical site survey (which may miss unexpected contaminated 
areas), but can cover the entire site, if accessible, with high density sampling. 
This can be very beneficial during initial site investigations. In addition, a 
single tree core sample will represent a relatively large soil volume (see 
section 2.1.1). In the following sections some specific purposes and 
advantages of tree coring are outlined. 
4.1 Detection of unexpected contaminated areas 
The use of tree coring as a supplementary screening tool has been shown to 
reduce the risk of overlooking contaminated areas during initial site 
investigations. Several studies on chlorinated solvents have already proven 
the aptitude of tree coring for detection of unknown and unexpected 
contaminated areas, which were overlooked during conventional site 
investigations (Algreen et al. IV, Rein et al. 2015, Larsen et al. 2008). The 
same was proven during this PhD project at the Szprotawa test site 
contaminated with BTEX (see section 3.2.3 or Algreen et al. III). A hot spot 
in the southern part of the site (cf. Figure 13 - map 1) was revealed by 
conventional groundwater sampling.   
 
Sampling points: Poplar
Basis for iso-contours
Other tree species sampled
100 m
Map 1: Conventional site  
investigation 
Map 2: Site screening 
by tree coring 
Map 3: Verification 
Figure 13: Concentration iso-contours of BTEX based on groundwater sampling (Map 1), 
tree core sampling (Map 2) and soil sampling (Map 3) at the Szprotawa test site. Modified 
from Algreen et al. III.  
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Subsequently, tree coring clearly identified this hot spot as well as an 
additional formerly unknown contaminated area in the northern part of the 
test site (cf. Figure 13 - map 2). This area had not been investigated by the 
conventional groundwater sampling as the data from the historical surveys 
showed no indications of potential contamination in this area. To confirm the 
results obtained by tree coring, soil samples near the groundwater table were 
collected in the two potentially contaminated areas, wherefrom BTEX 
contamination in the subsurface in both areas was confirmed (cf. Figure 13 - 
maps 3). 
This demonstrates that the gathering of historical information is not always 
sufficient evidence to accurately locate all of the contaminated areas of a 
prospective site, which emphasizes the need for an economic and rapid 
screening method such as tree coring that can be applied over an entire site if 
accessible.  
4.2 Location of unknown sources 
Another advantage of tree coring could be to trace unknown sources in a 
shorter time frame and a more cost efficient manner than by conventional 
methods (Region Sealand 2012, Graae 2011). For that purpose, the method 
was applied commercially for the first time in Denmark in a case with 
groundwater contaminated with chlorinated solvents (Region Sealand 2012, 
Sn.dk 2012). Perchloroethylene (PCE) concentrations up to 21 µg/L had been 
detected in drinking water supply wells in the small village of Ølsemagle, 
Denmark (Niras 2012a). Conventional initial site investigations to trace the 
source included 18 water samples from established wells, water streams and 
sampling points obtained by direct push technologies (GeoProbe). The site 
investigation confirmed the PCE contamination in the groundwater with 
maximum concentrations of 270 µg/L. However, the source was not 
identified based on this sampling campaign (Niras 2012a). The available 
historical data did not reveal any activities likely to cause PCE contamination 
in the area nor did an inquiry of the local public. Then, as a new initiative, 
tree coring was applied. Trees were growing throughout the nearby village 
and its surrounding area, of these 100 trees were sampled (cf. Figure 14).  
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50 m
*
*
PCE detected
in a tree
Groundwater flow
 
Figure 14: Overview of the Ølsemagle site. Red asterisks indicate contaminated drinking 
water supply wells, the red area represents the area of focus within the initial water 
sampling campaign and the white marks indicate sampled trees during the tree coring 
campaign. 
 
The tree core screening took one and a half days, had no damage to private 
property and the chemical analysis revealed significant PCE concentrations in 
a single tree (nr. 53, Figure 14) located upstream from the contaminated 
drinking water supply wells. To verify the outcome, soil gas measurements 
were done near the tree with elevated PCE concentrations. High PCE 
concentrations were also measured in the soil gas and the area was confirmed 
as the source area, see Figure 15a (Niras 2012b). These screenings were 
followed up by site investigations including soil and groundwater sampling, 
wherefrom the conceptual model of the plume shown in Figure 15b could be 
developed (Niras 2012b). An unknown scrap dealer was discovered at the 
location which is why no prior historical information had indicated that this 
area could be a potential source area.  
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Figure 15: Contour plots based on soil gas screenings (1-1.5 m bgs) near the tree where 
PCE was detected in the wood at the Ølsemagle site (A) and the conceptual model of the 
source area and plume concentrations (B). Modified from NIRAS (2012b). 
 
A similar case has also been reported by Sorek et al. (2008). Sorek and co-
workers collected tree cores from 13 randomly selected sites in Tel Aviv, 
Israel. At three of the sites chlorinated solvents were detected in the wood. 
Subsequently, groundwater monitoring wells confirmed groundwater 
contamination. At one of the locations a water supply well approximately 0.8 
km down-gradient of the tree with elevated contaminant concentrations had 
been closed due to PCE in the drinking water. But the source was until then 
unknown because of sparse historical information on the site use. However, 
after the tree core sampling campaign, interviews of long-term residents 
revealed former factory activities at the site.  
The Ølsemagle and Tel Aviv cases demonstrate that insufficient historical 
information also can be a big issue for tracing of unknown sources, which 
underline the need rapid and low-invasive screening methods which can give 
more effective site investigations. 
4.3 Tree coring compared to soil gas sampling 
Both tree coring and soil gas sampling appear promising as screening 
methods, which could supplement each other for initial site investigations. 
Soil gas sampling is a generally approved and commonly applied screening 
method, as seen in the case of Ølsemagle (section 4.2). Soil gas sampling is 
useful for volatile compounds in the unsaturated zone (Rivett 1995, Bishop et 
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al. 1990). Tree coring is still a relatively new technique where trees have 
shown to be useful as bio-indicators for both soil and groundwater 
contamination (Algreen III, Rein et al. 2015, Wittlingerova et al. 2013, 
Limmer et al. 2011, Sorek et a. 2008, Vroblesky et al. 2004, 1999), and able 
to take up and translocate both volatile and some non-volatile compounds 
(Algreen et al. I, II and IV, Limmer 2014a, Evangelou et al. 2013, 
Dettenmaier et al. 2009, Stuckhoff et al. 2005, Pulford and Watson 2003, 
Trapp et al. 2001, Burken and Schnoor 1999 and 1998, Newman et al. 1997). 
To understand the advantages gained by the use of tree coring when 
compared to soil gas sampling, the two methods have been studied and results 
presented in Algreen et al. IV. The main findings are also outlined in the 
following. 
Tree coring and soil gas sampling were applied at two Danish sites: the 
Grindsted test site and the Platanvej test site. The geology at the sites differs 
with sandy soil at the Grindsted site and low permeable soil layers at the 
Platanvej site (Cowi 2011b, DGE 2007). The sites are contaminated with 
PCE (perchloroethylene) or TCE (trichloroethylene) as the main 
contaminants. PCE and TCE were widely used in the industry as dry cleaning 
or metal degreasing agents from approximately 1960 to 1980 (Doherty 2000a 
and b). Mishandling and uncontrolled disposal have released the chemicals 
into the environment, where they are often detected in groundwater (Huang et 
al. 2014, Squillace et al. 2007).  
Like tree coring, soil gas sampling is a semi-quantitative method useful to 
locate contaminated areas with compounds with high Henry's law constants, 
low boiling points and low sorption to organic matter and can be conducted at 
different soil depths in the unsaturated zone (Rivett 1995, Bishop et al. 1990). 
During soil gas measurements contaminants in the pore air are extracted by 
active or passive sampling and analyzed on site or in the laboratory. 
Standardized protocols for the method have previously been published 
(ASTM international 2012, ICCS 1998). Within this project, active sampling 
of soil gas sorbed on ATD (Automated Thermal Desorption) tubes for 
laboratory analysis was used for detection of PCE and TCE (except for the 
soil gas measurement at the Grindsted site in 2007 (Cowi 2011b)). This 
approach was used to minimize the need of specialized and heavy field 
equipment, whereby the method is more comparable with tree core sampling. 
A comparison of methodologies (tree coring versus soil gas methodologies) is 
given in Table 6. This scheme is useful for selection of a screening method 
and further details are described in the following. 
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4.3.1 Conceptual models  
To better understand the application of tree coring and soil gas sampling a 
conceptual model was developed (cf. Figure 16). In the conceptual model the 
capture zone of tree coring is larger than that for soil gas sampling due to the 
extensive root system of the tree. For deciduous trees in temperate zones the 
rooting depths are up to 2.9 m in average (see section 2.1.1). However, tree 
coring has been used to detect chlorinated solvents in groundwater with a 
water table as deep as 19 m bgs (Sorek et al. 2008). The volume sampled by 
soil gas measurements depends on the volume extracted and the soil porosity. 
However, a higher spatial resolution is possible by soil gas sampling because 
of the more controlled volume of extracted pore air, and because samples can 
be collected from predetermined depths. On the other hand, the soil gas 
sampling will to a greater extent be affected by the soil conditions e.g. 
challenging low permeable soil layers. Tree coring is only limited to 
locations where trees are growing, and trees can grow even in clayey, rocky 
and swampy soil conditions. Trees are also suitable bio-indicators at sites 
where the subsurface is problematic, such as buried installations or 
unexploded ordnance, as no drilling in the subsurface is needed (Holm et al. 
2011).  
To understand how tree roots and the soil gas sampling probe can reach the 
contaminants, it is important to understand the migration of the contaminants 
in the subsurface. The fate of heavy metals (section 3.1.1), BTEX (section 
3.2.1) and PAHs (section 3.3.1) has shortly been described in this PhD thesis. 
Additionally, a short description of the migration properties of chlorinated 
solvents in the subsurface will be given (cf. Figure 16) as the tree coring and 
soil gas sampling in this investigation were compared based on sites primarily 
contaminated with PCE and TCE. 
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Table 6: Overview on the methodologies of tree coring and soil gas sampling as site 
screening methods for contamination with chlorinated solvents. + indicates 
useful/beneficial. – indicates not useful/challenging. More +/- the better/poorer. From 
Algreen et al. IV.  
 
 
Tree 
coring 
(TC) 
Soil gas 
sampling 
(SG) 
Comments 
A
pp
lic
at
io
n 
Useful at large sites 
e.g. brownfield  
+++ + TC is faster, more mobile and by default has a larger 
capture zone than SG 
Useful at small sites  ++ +++ SG can be applied in more discretized grid (both 
horizontal and vertical) 
Useful for location  
of hot spots +++ ++ 
TC is good for screening a larger area for possibly 
unknown hot spots; SG is good to further delineate 
contaminant sources at a smaller scale. 
Vapor plume  
delineation  + +++ 
SG is more sensitive and better for spatial resolution 
than TC  
Sensitivity to the  
soil properties ++ - 
TC can be applied everywhere where trees are 
growing, as long as contamination is not too deep. SG 
cannot be applied in low permeable soils and in 
capillary or saturated zone. 
Restrictions of   
sampling  ++ ++ 
Installing the SG probe can be difficult depending on 
the soil structure e.g. stones, rocks or hard soil 
blocking the probe. For TC trees need to be present 
and the method is not useful indoors.  
Impact on the    
environment/     
surroundings 
+++ ++ 
Only small hand-held equipment is needed for 
sampling. For SG cross-contamination in the soil 
layers due to the drilling can pose a risk and drilling 
into problematic underground as well.  
Sensitivity of the  
method + ++ 
Lower sensitivity of TC may be due to dilution of the 
contaminants because roots integrate over large 
capture zones, increased degradation of the 
contaminants in the root zone and in planta or 
volatilization of the contaminants from the plant tissue 
above ground 
Spatial resolution of 
the method + ++ 
The size of the soil area and the sampling depth can 
better be adjusted during SG  
Mobility of the  
method +++ ++ Less equipment is needed for TC 
Applicability at 
problematic 
underground 
+++ - Unexplored ordnance, shallow pipes and cables can pose problems for SG, but not for TC 
Sa
m
pl
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Representation of 
large soil volumes +++ ++ TC have a large root zone.. 
Identification of the 
capture zone  + +++ 
The capture zone of SG depends on the soil porosity 
and volume extracted.  
Efforts needed for 
chemical analysis + +++ A low DL is needed for TC 
Data treatment     
and interpretation ++ +++ 
The data treatment is identical for SG and TC. The 
interpretation of data from TC can be more difficult 
due to e.g. the effects of the tree species.  
Level of detail + ++ SG can give information in the vertical  direction too 
Potential of false 
negatives - - - 
It can happen that the contaminants in soil or 
groundwater are not accessible for plant uptake or 
soil gas collection. SG are more sensitive  
C
os
ts
 
Sampling +++ + Tree coring can be done very rapidly 
Analysis ++ ++ Similar 
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PCE and TCE are both immiscible with water and have a higher density than 
water; this categorizes them as a Dense Non-Aqueous Phase Liquids 
(DNAPLs). After a spill, the compounds will migrate downwards through the 
unsaturated zone leaving behind residuals of DNAPL (Bourg et al. 1992). In 
the unsaturated zone, these residuals will partly dissolve into the pore water 
and volatilize into pore air wherefrom the contaminants can be reached by the 
tree roots or the soil gas probe (Smith et al. 1997, Dawson and Pate 1996, 
Rivett 1995). In the saturated zone the contaminants will partly dissolve into 
the groundwater. A falling groundwater table due to e.g. transpiration by the 
trees will introduce a “new area” of the unsaturated zone where contaminants 
from the groundwater can volatilize into the pore air and migrate upward to 
the tree roots or the probe for soil gas sampling (Newell et al. 2015, 
Struckhoff et al. 2005). 
Plume
Residuals
Vapor
plume
Tree core
sampling
Soil gas 
sampling
Source
↓ Below surface
↑Above water table
Pool
 
Figure 16: Conceptual model of tree coring, soil gas sampling and the migration and 
dissolution of DNAPL in the subsurface.  
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4.3.2 Application  
Iso-contour maps based on PCE or TCE concentrations measured at two 
Danish test sites (Grindsted and Platanvej) are shown in Figure 17 (Algreen 
at al. IV).  
 
 Soil gas sampling   . Tree Coring 
A 
Site name:  
Platanvej, Denmark 
 
Compound: 
TCE 
 
Geology:  
Varying layers of 
sand, silt, gravel,  
clay and clay till 
 
Groundwater 
table: 
 4.5 m bgs 
25 m
 
2007
 
 
2013
 
B 
 
Site name:  
Grindsted, 
Denmark 
 
Compound: 
PCE 
 
Geology:  
Sandy soil 
 
Groundwater 
table: 
 2.7 m bgs 
 
20 m
 
2010
 
 
2013
Figure 17: Concentration iso-contours of TCE PCE (B) obtained by soil gas sampling 
(mg/m3) and tree coring presented as headspace concentrations in vails with 4.5 ml water 
(µg/L) at the Platan test site. The darkest color indicates the highest measured 
concentration level and the lightest color the lowest detectable concentration.  n.d = not 
detected (<detection limit), <Q.L. = detected but below quantification limit. Modified from 
Algreen et al. IV.   
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Good agreement between the results from tree coring and soil gas sampling 
was found. Both methods were useful for locating the hot spots, but some 
variations were observed as a result of different sampling matrices (wood vs. 
pore air) and capture zones. Two observations of distinct differences between 
the used methods are worth mentioning. First, by tree more “non-detects” in 
the areas with low PCE or TCE concentrations in the subsurface were 
obtained. It may be due to: dilution of the contaminants as the capture zone of 
the tree is much larger than for the soil gas probe (cf. Figure 16); 
biodegradation of the contaminants in the rhizosphere and in plants (Shang et 
al. 2001, Newman et al. 1997); or phytovolatilization of the contaminants 
(Ma and Burken 2003, Burken and Schnoor 1999 and 1998). This indicates 
that tree coring is less sensitive than soil gas sampling. Second, an additional 
hot spot in the southern part of the Platanvej site was clearly indicated by tree 
coring, but only partly indicated by soil gas sampling (cf. Figure 17A). Site 
investigations have revealed high TCE concentrations in the groundwater at a 
depth of 8.5-10 m bgs and a low permeable soil layer in the unsaturated zone 
above the water table (Niras 2011). The low permeable layer likely acts as a 
barrier to migration of volatilized contaminants from the groundwater to the 
upper unsaturated zone where the soil gas was sampled (0.8 m bgs). The tree 
roots seem to penetrate the low permeable soil layer, which also have been 
seen in other studies (Vroblesky et al. 2004, Canadell et al. 1996). It allows 
for uptake of pore air and pore water from the low permeable layer and 
underlying shallow groundwater with contaminants. This indicates that trees 
may be useful as bio-indicators for contaminants in the unsaturated zone as 
well as in the groundwater (Larsen 2008, Sorek 2008), whereas soil gas 
sampling is limited to the unsaturated zone.  
The precisions of the two methods based on ten samples at one sampling 
point differ significantly. The measured concentrations by tree coring were 
between 20.4 µg/L and 155  µg/L (mean; 79.5 µg/L) with a relative percent 
difference (RPD) of 52%. For soil gas sampling the measured concentrations 
ranged from 7.90 mg/m3 to 10.1 mg/m3 (mean; 8.99 mg/m3) with a RPD of 8 
% (Algreen et al. IV). The low precision of tree coring is not surprising as 
tree cores collected from different locations around the circumference of the 
stem are connected to different parts of the root system and therefore 
represent different parts of the subsurface (Limmer et al. 2013, Holm and 
Rotard 2011). Also, various transpiration rates due to different sun light 
exposure can cause concentrations difference around the tree (Larcher 1995). 
In addition, the calculations are based on µg/L per core in 4.5 ml water and 
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the small variations related to the sample size and water content of the wood 
will affect the precision (Larsen et al. 2008). However, during initial site 
screenings the focus is on the identification of contaminated areas rather than 
on the precision (PCE was measurable in all samples).  
4.3.3 Investigation costs 
The consideration of related expenses is also an important aspect for 
choosing the screening method, because usually only a limited budget is 
available for site investigations (see section 1.1.2 and 1.1.3). The costs for 
one day of sampling by the two methods are similar, but the number of 
samples obtained differs. For tree coring, 40 trees can be sampled in one day, 
whereas soil gas sampling is more time consuming and only 15 samples can 
be collected in the same timeframe. If the cost estimate is based on identical 
numbers of sampling points, the price of soil gas sampling is twice that of 
tree coring (Algreen et al. IV). In addition, due to the relatively large root 
system a greater soil volume can be screened by the use of tree coring. 
4.4 Comparison of tree coring results to other 
screening methods 
The results obtained from tree coring as a screening tool for chlorinated 
solvents has also been compared to results from more advanced direct-push 
technologies. Rein and co-workers (2015) have compared tree coring with 
direct-push sampling of shallow groundwater. The results reveal good 
agreement between the samples collected in areas with high groundwater 
concentrations and less agreement in areas with lower concentrations. At all 
points where TCE was measured in the groundwater, the compound was also 
detected in the wood (no false negatives). In addition, the trees also indicate 
contamination in areas inaccessible for the direct push equipment (wetland). 
Larsen and co-workers (2008) have compared tree coring with the direct-
push-based technology MIP. MIP investigations were applied in the 
potentially contaminated areas where prior tree coring had shown relatively 
high concentrations in the wood. A very strong correlation was found 
between the results from the MIP investigations and the tree coring.  
Tree coring at BTEX contaminated sites has also been compared to results 
obtained by parallel sampling of soil gas, direct-push based groundwater 
sampling and other direct-push technologies by Algreen et al. (III). Based on 
the concentration iso-contours a good agreement between the methods was 
found. In addition, high rank correlations between soil gas sampling and tree 
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core sampling by willows were found. Finally, some correlation was found 
between tree coring, groundwater monitoring and soil gas sampling (Algreen 
et al. III). 
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5 Conclusions and recommendations 
The first objective of this PhD project was to test the feasibility of tree coring 
for heavy metals. Investigations showed that the evaluation of the wood 
concentrations had to be based on a statistical comparison of concentrations 
in wood from the potentially contaminated test site with concentrations in 
wood from a reference site. Field investigations revealed significantly 
elevated Zn, Cu, Cd and Ni wood concentrations from trees grown at a highly 
contaminated site (concentrations above the Danish cut-off criteria). Trees 
from moderately to lightly contaminated sites (above the soil quality criteria, 
but below the cut-off criteria) had less or no significantly elevated heavy 
metal concentrations in the wood samples compared to samples from the 
reference sites. The concentrations in wood could not be linearly correlated 
with concentrations in soil, neither with the total soil concentrations nor the 
concentrations in the solution. Among the tested tree species, willows and 
poplars took up heavy metals in the highest concentrations, and the difference 
in wood concentrations from the test site and a reference site was more 
pronounced for willows than for poplars.  
The second objective of this PhD project was to test the feasibility of tree 
coring for BTEX compounds. The use of tree coring as a screening tool for 
BTEX is challenged by natural attenuation, including biodegradation and 
volatilization of the compounds, resulting in relatively low wood 
concentrations which can lead to false negatives. False negatives were 
observed at sites with a deeper lying groundwater table and low permeable 
soil layers. However the method showed to be useful to locate contaminated 
areas on locations with shallow groundwater tables. Additional challenges 
may be cross-contamination from e.g. air resulting in false positives; control 
samples are therefore recommended. Among the tested species, both poplars 
and willows were able to detect contaminated areas with the highest 
concentrations measured in willows. Significant rank-correlations between 
wood concentrations and concentrations measured in soil, groundwater and 
soil gas were found in some cases.  
The third objective of this PhD project was to compare the feasibility of 
tree coring to soil gas sampling, which was based on measurements of 
chlorinated solvents. Good agreement was found between the screening 
results, although the sensitivity and precision of tree coring were lower than 
that for soil gas sampling. However the tree roots seem able to penetrate low 
permeable soil layers, which allows contaminant uptake by trees from 
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underlying soil layers or shallow groundwater. The results from the two 
methods showed them to be complementary of one another. Therefor choice 
between either methods should be based on the purpose of the site 
investigation and the specific site conditions. Tree coring is preferred over 
soil gas sampling for initial site screenings; particularly, at large sites, at sites 
where drilling can be risky, at sites with low permeable soil layers, wetlands 
or at sites inaccessible with heavier equipment.  
The last objective of this PhD project was to investigate the PAH uptake into 
plants from different soil matrices to estimate if tree coring could be useful 
for PAHs. It was found that the plant uptake of PAHs was not controlled by 
the soil nor the bioavailable concentrations in the soil, and that the PAH 
content in plant tissues above ground was more affected by deposition from 
air. This makes the use of trees as bio-indicators for PAH contamination in 
the subsurface impractical. 
The overall aim of testing the feasibility of tree coring was to obtain more 
efficient site investigations when dealing with contaminated sites. Based on 
the knowledge acquired during this PhD project, tree coring is found 
valuable as an initial screening method to locate contaminated areas by which 
the risk of overlooking contaminations is reduced principally at large sites or 
at sites where historical information is found to be insufficient. The purpose 
of tree coring should be to focus more invasive or costly methods, such as 
direct push technologies, borehole drillings and installation of groundwater 
monitoring wells. It can lead to more reliable site investigations without 
considerable cost elevation. Tree coring is highly recommended as a 
commercial screening tool to locate contaminated areas and in particular 
unknown source areas with chlorinated solvents. It is also recommended to 
implement tree coring as a screening tool for BTEX, where additional field 
sampling can clarify for which site conditions the method is reliable. Tree 
coring will usually not be superior over soil sampling for screening of heavy 
metals, because the benefits of tree coring is not sufficient when compared to 
the uncertainties associated with the method. Exceptions can be at rocky 
sites, at site where drill poses a risk or urban areas with inaccessible soil. 
Tree coring is not found recommendable as a bio-indication for elevated PAH 
concentrations in soil.   
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Tree core samples have been used to delineate organic subsurface plumes. In 2009 and
2010, samples were taken at trees growing on a former dump site in Norway and analyzed
for arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), and zinc (Zn).
Concentrations in wood were in averages (dw) 30 mg/kg for Zn, 2 mg/kg for Cu, and
<1 mg/kg for Cd, Cr, As and Ni. The concentrations in wood samples from the polluted
test site were compared to those derived from a reference site. For all except one case,
mean concentrations from the test site were higher than those from the reference site,
but the difference was small and not always signiﬁcant. Differences between tree species
were usually higher than differences between reference and test site. Furthermore, all these
elements occur naturally, and Cu, Ni, and Zn are essential minerals. Thus, all trees will
have a natural background of these elements, and the occurrence alone does not indicate
soil pollution. For the interpretation of the results, a comparison to wood samples from
an unpolluted reference site with same species and similar soil conditions is required. This
makes the tree core screening method less reliable for heavy metals than, e.g., for chlorinated
solvents.
KEY WORDS: heavy metal, soil, wood, polluted, plant uptake, monitoring
INTRODUCTION
Biomonitoring for heavy metals is an established technique (Markert 1993; Markert
et al. 1999).Mosses, lichens, but also trees and tree rings have been sampled to determine the
concentration level of heavymetals in the environment (Markert andWtorova 1992; Gratani
et al. 2008;Migeon et al. 2009;Monticelli et al. 2009). Phytoscreening is a new term andwas
given for the use of vegetation samples to screen subsurface pollution (Sorek et al. 2008).
The technique to take tree cores to track pollution plumes below surface has been found to
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be a simple, fast, noninvasive and inexpensive screening method (Vroblesky et al. 1999; Ma
and Burken 2002; Schumacher et al. 2004; Gopalakrishnan et al. 2007; Trapp et al. 2007;
Larsen et al. 2008; Sorek et al. 2008). The principle is that roots take up pollutants from soil
or shallow groundwater. With the transpiration stream, the contaminants are transported
above the surface and into the stem, where they adsorb to the wood and other plant parts.
Wood is sampled with a tree corer and analyzed for the pollutants. Elevated concentrations
in wood indicate subsurface contamination (Vrobelsky et al. 1999; Vroblesky 2008). The
method is rapid, simple, cheap, and allows a high sample number in short time without
heavy equipment. Tree core sampling is thus seen as a reliable and inexpensive alternative
method for investigating and monitoring the extent of shallow pollutants (Larsen et al.
2008). Subsequently, tree core sampling was recommended for initial screening of an area
(Sorek et al. 2008) and for assessing the presence of pollutants (Larsen et al. 2008), and the
method is used frequently in practice now (unpublished engineering work). However, so far
all studies have dealt with chlorinated solvents, such as trichloroethylene (trichloroethene,
TCE), tetrachloroethene (PCE), and trichloroethane.
The purpose of this study was to test the tree core method for toxic elements, such
as arsenic and heavy metals. Arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu),
nickel (Ni), and zinc (Zn) are frequent pollutants in soil, mainly from human activities but
also from natural sources. At elevated levels, all these are toxic to humans and wildlife, and
their occurrence in soil is regulated by legal standards in most countries. Their dissolution
in soil solution and the subsequent uptake into vegetation depends on chemical speciation
(and thus pH and redox potential), on organic matter, clay content, and on the concentration
of other ions (Barber 1995; Hough et al. 2004; Swartjes et al. 2007; Legind and Trapp
2010). The bioavailable fraction in soils may decrease with time, leading to reduced uptake
(Kirkham 2006). Fungi may facilitate transport to roots (Smith et al. 2010).
The individual elements may, depending on their xylem or phloem transport, move
preferably into different plant parts, i.e., roots, stem, leaves, and fruits (Thorne et al. 2005).
Wood was sampled because it is protected from aerial deposition, it is available throughout
the whole year (samples were taken in winter) and it does not change much with time (as
leaves do). A disadvantage is that little is known about the uptake of toxic elements into
wood since most studies focus on edible plant parts such as fruits or leaves. Thus, data
about accumulation of toxic elements in wood are needed, also for an assessment of the
feasibility of phytoextraction.
Wood from trees (mainly birch, willow and poplar) growing on a former dump
site was sampled and analyzed for As, Cd, Cr, Cu, Ni, and Zn. The concentrations were
compared to those from trees of the same species growing outside the contaminated area.
The objectives of this study were to determine typical concentration levels in wood and
to test the tree core sampling method for the screening of subsurface pollution with toxic
elements (focus on heavy metals).
METHODS
Test Site
The Møringa (former) dump site near Horten, Norway, is an artiﬁcial half-island
at the Oslo fjord created by the dumping of waste. From the 19th century until 1993,
it has received waste oil, oil distillery waste, welding slags, blowing sand and building
residues, originating from ship yards, oil recycling, ship and aircraft maintenance, and lead
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battery production. Investigations of the site between 1992 and 2005 (Amundsen et al.
1995, 2005) revealed that the site is contaminated with large amounts of heavy metals,
petroleum products, polycyclic aromatic hydrocarbons and polychlorinated biphenyls. On
the site, wild-type pioneer vegetation consisting of grassland and trees (such as willow,
poplar, birch, and cherry) has developed.
The depth of the waste deposit is 2–3 m. The cover at the Møringa waste site consists
of 0.2–0.5 m clean soil. The concentrations of the elements of interest in this cover are
unknown but it can be assumed that they are close to natural soil (background levels).
All soil samples from the site are composite samples (30–50 kg), where each was
taken from deep (2–3.5 meters) pits of an area of about 16 m2 (4 × 4 meter). The main aim
of the sampling in 2004 (Amundsen et al. 2005) was to investigate the leaching potential
of toxic elements in the waste to predict the future inﬂuence of the waste site on the local
marine environment. Most waste samples were therefore collected from the lower part
between groundwater table and 1 m above groundwater table, but some were also taken
from the upper part of the deposited waste (Table 1). Eight risk zones were mapped, each
with relatively homogeneous waste ﬁlling (Figure 1). Concentrations of toxic elements in
deposited material from the eastern part of the landﬁll (Ø1, Ø2, and Ø3) are signiﬁcantly
higher than in most of the western areas (V4 to V8) (Table 1). Based upon analysis of
waste samples (n = 24) collected from 14 pits in 1994 (Amundsen et al. 1995), the mean
concentrations of cadmium, copper, and zinc were higher (factor 1.8–2.5) in the lower
part (1.5–2.5 m below surface) compared to the upper part (0.5–1.5 m) of the landﬁll
(although not signiﬁcant; Wilcoxon rank test; p < 0.05). No such trends were observed for
arsenic, chromium and nickel. There were no signiﬁcant differences in concentration levels
between the 1994 and 2004 samples, thus the concentration levels presented in Table 1 are
considered representative for the metal waste composition in the landﬁll.
Measurements of chlorine, sodium and conductivity in groundwater from 14 ground-
water wells at the Møringa landﬁll show that seawater does not intrude the landﬁll except
from the area V8 (salinity = 16). The salinity in the groundwater at, e.g., Ø1–Ø3 was
Table 1 Total concentration in soil (mg/kg) measured at Møringa (Amundsen et al. 2005). Depth: meters from
the soil surface (Amundsen et al. 1995)
Sampling Depth to
depth groundwater
Sample (m) (m) As Cd Cr Cu Ni Zn
Ø1 − 2 1.6–2.6 2.6 61 14 200 1500 130 7300
Ø1 − 1 + 2 1.6–2.6 2.6 69 20 170 1700 120 5100
Ø2 − 1 + 2 + 3 1.0–2.0 2 75 16 170 3700 190 9800
Ø2 − 4 + 5 1.0–2.0 2 15 2.2 49 860 42 3900
Ø3 − 1 + 3 0.8–1.8 1.8 44 8 130 2500 120 6000
Ø3 − 2 + 4 0.8–1.8 1.8 28 9.5 76 1400 120 3000
V4 bottom 0.4–1.4 1.4 5 1.3 81 3700 160 540
V4 sand 0.4–1.4 1.4 5 0.2 71 76 560 450
V5 bottom 0.6–1.6 1.6 21 3.9 100 4000 63 3900
V5 top 0–0.6 1.6 15 3 99 1100 88 11000
V6 − 1 + 2 + 3 1.0–2.0 2.0 5 1.4 58 280 410 1000
V6 − 4 + 5 1.0–2.0 2.0 5 0.2 110 18 2300 320
V 7 1 + 2 0.7–1.7 1.7 5 0.9 92 140 460 790
V 7 4 + 5 0.7–1.7 2.3 5 1.8 150 940 260 1400
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Figure 1 Map of the Møringa peninsula with risk zones and soil sampling points (Amundsen et al. 2005) and
areas of tree core sampling, July 2009 and March 2010 (color ﬁgure available online).
in the range 0.3–3 (Amundsen et al. 1995). Automatic and manual measurements show
that the groundwater level was not inﬂuenced by normal tides, but spring tides raised the
groundwater level closest to the shore by 30–40 cm. The raise in groundwater level was not
accompanied by an increase of the salinity in the groundwater, i.e., the raise in groundwater
level was mainly due to increased hydrostatic pressure from the sea and high amounts of
precipitation.
Even though the groundwater at the waste site is not in direct contact with seawater,
the concentrations of sodium and chlorine in the groundwater are signiﬁcantly elevated
compared to inland groundwater in Norway. In periods with high winds, the landﬁll is
also highly inﬂuenced by sea spray. Even though the hydrology in the landﬁll is mainly
inﬂuenced by precipitation (annual average precipitation is 915 mm), it may be concluded
that wastes and soils located in both the saturated and unsaturated zone are inﬂuenced by
sea salts. Since the chloride concentrations in the groundwater are higher close to the sea
(Amundsen et al. 1995) and the sea spray inﬂuence also will be higher in the sea shore
areas, this also may result in major differences between test sites and reference sites due to
different distance from the sea (Figure 1). Chloride forms relatively strong complexes with,
e.g., cadmium and zinc, and may inﬂuence the availability of these (and other) metals.
Tree Core Sampling
Tree core sampling was performed at the Møringa site on the 8th and 9th of July 2009
and on the 30th of March 2010. Trees were sampled in the eastern part of the site which
is densely covered by trees. Sampled tree species were predominantly birches (Betula sp.)
and willows (Salix caprea), but included also cherry (Prunus sp.), aspen (Populus tremula),
ash (Fraxinus excelsior), and mountain ash (Sorbus aucuparia) in the ﬁrst campaign. Only
willow (Salix caprea) and poplar (Populus tremula and other poplar species) were sampled
in the second campaign. Reference samples from the same tree species were taken 20 to
50 m outside the area of the dump site, and at a location about 10 km away. All reference
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samples were closer to urban area (Møringa peninsula is the remotest place in this area),
and contamination from other sources than dumped waste cannot be excluded.
The depth of the tree roots depends on the tree species, soil properties and the
availability of water and nutrients and was not investigated in this survey. The rooting depth
is between 1 and 3 m for the tree species sampled, largest for poplar and smallest for birches
(Crow 2005). Even though the average maximum rooting depth of a temperate deciduous
forest is 2.9 m (Canadell et al. 1996), most roots will be close to the surface (<0.7 m below
surface) (Dobson and Moffat 1995), i.e., in the relatively clean cover of the Møringa site.
All tree cores were taken at a stem height of 1 m using a 6 mm increment borer
(Suunto, Finland). Tree cores had a length of 6 cm, where the outer centimeter (containing
the bark) was discarded to avoid atmospheric inﬂuence. Only in 2009, the next centimeter
(cm 1–2 towards stem center) was used for mixed samples, and cm 2–6 made up an
individual sample. Mixed samples were collected in order to represent subareas, including
between 3 and 9 individual tree cores. The aim here was to test whether the analysis of one
mixed sample (i.e., several trees in the area of interest) instead of many individual samples
(one per tree) is an appropriate method for subsurface characterization, as this would save
laboratory efforts. During the second campaign, wood from cm 1 to 5 was used as sample,
and two replicates from each tree were taken.
Extraction and Chemical Analysis
Soil samples were dried at 40◦C to constant weight, extracted with aqua regia (con-
centrated hydrochloric acid: concentrated sulfuric acid 3:1) and analyzed using ICP-AES
(Amundsen et al. 2005).
Wood samples from the ﬁrst campaign were extracted using an autoclave. The wood
samples were dried at 75–85◦C to constant weight. Between 0.5 and 0.8 g of the dried
sample was weighed into 100 ml blue cap bottles, then 10 ml 65% HNO3 and 10 ml
miliQ water were added. The sample was autoclaved for 30 min at 125◦C and cooled to
room temperature afterwards. 5 ml 30% H2O2 were added and the sample was placed on
a sand bath for 20 min without cap. The sample was quantitatively transferred to a 50 ml
volumetric ﬂask. MiliQ water was added to the total volume of 50 ml. The ﬂasks were
shaken for 1 min and the sample was then ﬁltered into a plastic (PE) bottle for storage at
room temperature. Before analysis, 7 ml of sample was transferred to a test tube and then
analyzed using ICP-OES.
Some samples of the ﬁrst campaign had unusually high concentrations of Cu, Ni, and
Zn, and we found that the procedure erratically contaminated samples during extraction.
Even though these samples could be identiﬁed, the results for Ni and Cu from the ﬁrst
campaign were discarded (the results for Zn could be used, though with a high DL, because
the concentrations were sufﬁciently above the laboratory background), and the method was
optimized and changed to sand bath extraction for the second campaign.
For the sand bath method, wood samples were dried as before. Between 0.5 and 0.8 g
of the dried sample were weighed into a 50 ml volumetric ﬂask. Then 10 ml 65% HNO3
was added, and the ﬂask was placed on a sand bath for 2 h at 70–80◦C. Samples were
then removed and cooled at room temperature for 10 min. Afterwards, 2.5 ml 30% H2O2
were added and the samples were placed back on the sand bath until the gas reaction was
completed. The procedure was repeated with additional 2.5 ml 30% H2O2. MiliQ water was
added to get 50 ml volume. After shaking for 1 min, approximately 5 ml of sample were
transferred to a centrifuge glass, shaken and emptied. The rest of the sample was transferred
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to the same centrifuge glass and centrifuged for 10 min with 2500 rpm. The supernatant
was transferred to plastic (PE) bottles for storage at room temperature. For analyses, 7 ml
of sample were transferred to test tubes and then analyzed at ICP-OES.
The methods were validated by comparison to the referenced soil standard QC Loam
Soil (Sigma Aldrich, DK). All concentrations for soil and wood are given for the dry weight
(dw).
Statistics
The main question of the study was whether the concentration of toxic elements in
wood from trees on contaminated sites is elevated, compared to reference sites. This was
tested using a one-tailed t-test with an error probability of 0.05 (α = 5%). The distribution of
the experimental data was tested using the Kolmogorov-Smirnov (KS) test for continuous
distributions, implemented in the software Crystal Ball. Three distributions were tested,
namely normal, log-normal, and uniform (rectangular) distribution. The assumption of
equality of sample distribution and tested distribution was rejected if the distance between
both was above a critical distance Dcrit. These critical distances were taken from Sachs
(1991). For calculation of mean, standard deviation, minimum, maximum, F-test and t-test,
values below detection limit were replaced by 1/2 detection limit. The data for Ni and Cu
from the ﬁrst campaign were not statistically analyzed, as well as the results for As from
the second campaign, which were close to or below the detection limit.
The statistical difference between the measured concentration in the mixed sample
and the concentrations in the corresponding individual samples was tested using the “one-
value t-test” (Bahrenberg et al. 1990). The tested t-value is
ttest = |x − a|
s/
√
n
hereby, x is the mean of the individual samples (n ≥ 3) and a is the concentration of the
mix sample (n = 1, i.e., the ﬁxed value). The null hypothesis H0 is rejected if ttest is above
the t-distributed tcrit with degree of freedom (df) = n-1 and α = 5%.
RESULTS
Table 2 shows the overall characterization of thewood samples fromMøringa.Highest
concentrations were measured for zinc, followed by copper (2nd campaign only). The
other elements (As, Cd, Cr, Ni) had similar concentrations, most of them below 1 mg/kg.
The concentration results from the ﬁrst campaign were typically more log-normally than
normally distributed, which makes a statistical analysis with parametrical methods critical.
For all results from the second campaign, normal distribution could be accepted. The
measured concentration level was for all elements quite similar in campaign one and two.
Only cadmium showed distinctly higher values in wood from the second campaign. The
reason is that exclusively willows and poplars were sampled, and those species showed the
highest cadmium uptake of all trees that were sampled at the site.
Table 3a shows the comparison of results from reference and test site from the
ﬁrst campaign. The mean values of arsenic from reference and test site were signiﬁcantly
different, but it should be noted that all values from the reference site were below DL.
The concentrations of cadmium were far higher in willow wood than in birch wood. The
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Table 2 Description of the wood samples from Møringa, ﬁrst campaign (n = 71) and second campaign (n =
68). Concentrations in mg/kg dry weight; std = standard deviation; min = minimum; max = maximum; DL =
detection limit (mg/kg dw); <DL = number of samples below DL. Values below DL were set to 12DL
Element Campaign Mean Std Min Max DL <DL
As 1 0.32 0.24 0.23 1.64 0.45 57
Cd 1 0.18 0.26 0.015 1.01 0.03 30
Cd 2 0.66 0.31 0.15 1.49 0.03 0
Cr 1 0.23 0.26 0.06 1.94 0.04 0
Cr 2 0.40 0.26 0.06 1.17 0.11 3
Cu 2 2.17 1.06 0.49 5.28 0.97 1
Ni 2 0.29 0.17 0.12 0.75 0.24 23
Zn 1 28.6 18.0 4.1 92.6 8.1 6
Zn 2 33.1 13.5 14.2 96.9 0.48 0
difference between reference and test site was signiﬁcant for both birch and willow. For
chromium, concentrations inwillowwoodwere also higher than in birchwood, and elevated
at the test site, though not signiﬁcant. For zinc, a signiﬁcant difference was found only for
willow wood, even though concentrations in birch were higher.
From campaign one, it became obvious that willow and poplar trees took up most
elements in higher concentration than birch, cherry and ash. Also, the difference of con-
centrations in wood from the test site, compared to those from the reference site, was more
pronounced. This was the reason to choose willow and poplar, both from the family Sali-
caceae, as preferred species for the second campaign. In the second campaign (Table 3b),
Cu was found to be signiﬁcantly increased in the wood from the test site. The concentration
for Cd were elevated in samples from test site for willows and reduced for poplar. Ni and
Zn were elevated in samples from the test site, and only signiﬁcantly for poplar. The mean
concentrations of Cr were similar in all samples.
The test for differences between mixed samples taken during the ﬁrst campaign
(cm 1–2, ﬁrst campaign only) and the individual samples, by which the mixed sample
was composed, yielded that in about half of the cases there was a signiﬁcant difference
(one-value t-test, α = 5%), and in the others not. Mixed samples can reduce the sample
number, but due to the relatively small differences between trees from reference sites and
those from the test site, a high sample number is preferable, to get better statistics.
Table 3a Mean of measured concentrations (mg/kg dw) of elements in wood samples from Møringa, ﬁrst
campaign; R is reference site (nominally low polluted) and T is test site (high polluted). Signiﬁcant differences in
bold (α = 5%)
All trees n = 71 Birch n = 34 Willow n = 16
R T R T R T
As 0.23 0.39 0.23 0.32 0.23 0.47
Cd 0.14 0.18 0.015 0.035 0.33 0.71
Cr 0.19 0.26 0.13 0.15 0.24 0.41
Zn 25.4 30.0 33.1 39.8 15.0 24.7
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Table 3b Mean of measured concentrations (mg/kg dw) of elements in wood samples from Møringa, second
campaign; R is reference site (nominally low polluted) and T is test site (high polluted). Signiﬁcant differences in
bold (α = 5%) or italic (α = 10%)
Willow n = 44 Poplar n = 24
R T R T
Cd 0.69 0.76 0.62 0.51
Cr 0.34 0.35 0.48 0.49
Cu 1.95 3.05 1.33 1.66
Ni 0.29 0.34 0.14 0.29
Zn 32.0 36.4 27.0 32.5
DISCUSSION
Normal Background Levels of Toxic Elements in Wood
Not too much is known about the normal levels of the investigated compounds in
wood, because most studies focused on edible plant parts, such as roots, leaves, and fruits.
The levels depend on plant species, plant part, and soil conditions (pH, bioavailability)
(McLaughlin et al. 2011). There is also a difference between non-essential and essential
elements.
The tissue concentrations of non-essential elements, among them As and Cd, rise
almost proportionally to the freely dissolved concentration (or better: ion activity) in soil
solution until saturation processes occur (McLaughlin et al. 2011). The uptake of essential
elements, such as Cu, Ni, and Zn, is different. It is likely to be regulated by enzymatic
processes, and thus follows Michaelis-Menten kinetics (Barber 1995; Chen et al. 2008).
Plants try to maintain homeostatic internal concentrations inside (McLaughlin et al. 2011).
This means that the uptake decreases with higher environmental concentrations (Markert
et al. 1999). It also follows that the concentration differences in wood will be smaller than
those in soil, making the detection of subsurface contamination from differences in wood
concentrations more difﬁcult. At very high external concentrations, enzyme systems are
overloaded, uptake and internal concentrations increase and phytotoxic effects occur (Trapp
et al. 2008; McLaughlin et al. 2011).
Andriano (1986, 2001) summarized the levels of elements in wood, leaves, or
branches of woody angiosperms (among them deciduous trees) and woody gymnosperms
(conifers). Markert (1992) constructed a “reference plant” for stating the average content of
inorganic chemicals in plants. Marschner (1995) gives levels of essential metals in shoots
that are adequate for growth. And McLaughlin et al. (2011) gives the normal and the phy-
totoxic level of toxic elements in plant foliage. All data is summarized in Table 4. The
levels and ranges given by these authors differ often by more than an order of amounts, but
there is general agreement that zinc has the highest background concentration in plant tissue
(7 to 150mg/kg dw), followed by copper (3 to 20mg/kg dw). The normal levels of nickel and
chromium vary over a wide range. Arsenic and cadmium have relatively low background
concentrations. Under unpolluted conditions, the normal Cd concentration level in plants
is 0.1 mg/kg and the maximum is 0.2 mg/kg (Kirkham 2006). In our study, concentrations
in wood were below this range, except for Salicaceae (willow and poplar).
Only Andriano (1986, 2001) gives background concentrations for wood. The concen-
trations measured in wood from Møringa (all species were angiosperms) are for Cr within
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Table 4 Normal and toxic levels of toxic elements in plants (mg/kg dw)
Wood Wood Normal Toxic
angiosperms gymnosperms Reference Adequate range range
plant for growth
Element Andriano Markert Marschner McLaughlin et al.
Reference (1986, 2001) (1992) (1995) (2011)
As 2.0 0.2–1.2 0.1 nd 0.01–1 3–10
Cd nd nd 0.05 nd 0.1–1 5–700
Cr 0.03–10 0.1–0.5 1.5 nd 0.1–1∗ 20∗
Cu 6–14 5–13 10 6 3–20 25–40
Ni 1.4 2.1–5.3 1.5 0.1 0.1–5 50–100
Zn 7–32 8–11 50 20 15–150 500–1500
Plant part wood wood all shoots foliage foliage
∗Cr3+.
the reported (and very broad) range, for Zn within or above, but for As, Cu, and Ni below
(Tables 2 and 3). Compared to the reference plant of Markert (1992), our results are higher
for As and Cd but lower for Cr, Ni, and Cu. Generally, all measured concentrations in wood
from Møringa were clearly below the toxic range (for concentration in foliage) given by
McLaughlin et al. (2011), Table 4. The concentrations of copper in wood from Møringa
trees are also below the average concentration of Cu in plant shoots that is sufﬁcient for
adequate growth (Marschner 1995), but are close to the normal range for foliage given by
McLaughlin et al. (2011). Average concentrations of Ni in plant shoots that are sufﬁcient
for adequate growth are about 0.1 mg/kg (dw) (Marschner 1995) and normal levels in
foliage are 0.1 to 5 mg/kg dw (McLaughlin et al. 2011). Nickel concentrations in wood
from the Møringa site ranged from 0.12 to 0.75 mg/kg and are thus within this range. Zinc
concentrations in dry shoot of 20 mg/kg are required for growth (Marschner 1995), and 15
to 150 mg/kg dw are normal range in foliage (McLaughlin et al. 2011; Table 4). Measured
concentrations in wood ranged from below 10 to 97mg/kg. Jayasekera and Rossbach (1996)
showed that essential elements like Cu and Zn are more evenly distributed throughout the
plant materials, compared to non-essential compounds like Cd. Plants cannot grow without
a certain minimum level of the essential elements (Marschner 1995). The presence of these
metals in tree cores alone can therefore never be a proof for soil or groundwater pollution,
and the comparison to reference samples from the same species is necessary.
Differences in Uptake between Test and Reference Site
Due to the few available data on background concentrations in wood, and due to
the large variation of some of these data, it is preferable to use reference trees of the
same species, grown under similar conditions, to evaluate whether concentrations in wood
samples from the test site are elevated. The comparison of measured concentrations of
As, Cd, Cr, Cu, Ni, and Zn in wood samples from the Møringa dump site (test site) with
those from a nearby reference site (Table 3) shows that in all except one case (Cd in poplar
wood), the average concentrations of the investigated toxic elements were higher in wood
from the test site. This is promising. However, the differences were sometimes very small,
and individual trees from the reference site may show much higher content than trees from
the test site. One reason for the small difference could be the layer of clean soil on top of
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the test site, in which the trees root and from which the roots take up most of their water
and nutrients. Different from volatile organic carbons, for which phytoscreening succeeded
down to a depth of more than 18 m (Sorek et al. 2008), the investigated elements do not
migrate in the soil vapor phase, and phytoscreening seems to be more limited in depth.
The difference between tree species (birch andwillow, willow and poplar) was for two
heavy metals (Cd and Cr) larger than the difference between test and reference site. For two
heavy metals (Ni and Zn), the variation due to species was about as large as the difference
between the sites, and only for two elements (As and Cu) the site was mainly determining
the concentrations in wood. This means that for a comparison between reference and test
site, the same tree species must be chosen. This will not always be possible.
Figure 2 shows some typical results. Figure 2a (Cr inwillowwood) displays a situation
where the mean concentrations in wood from the test site (0.41 mg/kg) is much higher than
those in wood from the reference site (0.24 mg/kg). Still, the second highest concentration
of all samples was measured in wood from a reference tree, and the difference of the means
is statistically not signiﬁcant (Table 3a). On the contrary, Figure 2b (Cu in willow) shows an
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Figure 2 Example results from the tree core analysis (mg/kg dw); (a): Cr in willow wood (1st campaign); (b): Cu
in willow wood (2nd campaign). X-axis indicates location of trees (Fig. 1): Ref refers to reference site; Ø refers
to eastern part of the site, V to western part. Results from individual replicates are shown.
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example where this difference is statistically signiﬁcant. Indeed, the concentration level in
wood from the test site is clearly elevated. Nonetheless, individual trees from the reference
site may have concentrations above individual trees from the test site. This demonstrates
that the method, if applied, requires sampling of many trees to avoid false conclusions.
Results from Other Studies
Elevated concentrations of toxic elements in trees from contaminated sites were also
reported by other authors. Arsenic in tree rings was measured and related to pollution by
Markovic et al. (2009). The concentration in individual tree rings varied largely over the
years. The average concentration of As in poplar wood was 12.9 mg/kg in wood from the
less polluted and 20.2 mg/kg in wood from the more polluted site. In a study with birch
growing on a chromite processing waste site and willows growing on a sewage disposal
site, Cr was poorly taken up into the aerial part of the plant (i.e. all values, including wood,
were below DL = 5 mg/kg). Chromium was measurable only in the roots. Zinc levels in
wood from contaminated sites were above 200 mg/kg (Pulford et al. 2001).
In the study of Migeon et al. (2009), who measured the uptake of heavy metals into
25 tree species growing on polluted soils, Cd was highest in Salicaceae family members,
identical to our ﬁnding. Large variations between species were also found at a French site
(Migeon et al. 2009) for Cd, Cr, and Zn, and less for Cu. Concentrations varied with age of
the tree ring (Monticelli et al. 2009), and Hagemeyer and Scha¨fer (1995) found a variation
of the concentrations of Cd, Pb, and Zn with season. Riddell-Black et al. (1997) found a
certain natural variability of the accumulation even within the same species. Arsenic uptake
into conifers was measured by Haug et al. (2004). Spruce tree samples from an arsenic-rich
site had total As concentrations between 0.04 and 0.13 mg/kg, i.e., even below the values
obtained here, while concentrations in Douglas pine were much higher, up to 176 mg/kg
in stem. The concentration in new-grown stem was higher than in old stem. Overall, these
ﬁndings show that the feasibility of phytoscreening with heavy metals depends on the
element and the type of species used.
Limitations
Even though 41 soil samples have been analyzed from 40 large pits all over the
landﬁll (Amundsen et al. 1995, 2005) (Figure 1), the heterogeneity of the landﬁll makes
it difﬁcult to ﬁnd a clear relation between concentrations in soils and trees. Furthermore,
the waste with high pollutant concentrations was covered with a less-polluted layer of soil,
which was thick enough so that the trees probably were not in contact with the more toxic
underground. Only few soil samples were taken from the cover (Table 1). The eastern
parts of Møringa waste site (Ø1–Ø3, Figure 1) also contain high levels of hydrocarbons
from fuel and diesel oils, with relatively high concentrations of benzene, toluene, xylene,
and PAH (measured concentrations of the sum of 16 EPA-PAH was maximum 13, 170,
98, and 218 mg/kg dw) (Amundsen et al. 1995, 2004). Such a mixture of inorganic and
organic contaminants is typical for old landﬁlls used by industry, municipality and private
households and makes the comparison with reference sites perhaps more difﬁcult.
The uptake of heavy metals into vegetation depends also on their bioavailability.
The pH of the soil is usually the most important factor that controls uptake, with low pH
favoring Cd accumulation (Kirkham 2006; McLaughlin et al. 2011). High phosphate and
zinc concentrations decrease Cd uptake. The reference site should thus have very similar
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conditions to the test site (e.g., soil type, pH, nutrient supply, tree species, weather), except,
of course, the concentrations of toxic elements. This turned out to be difﬁcult for theMøringa
site. A difference in pH is likely, because the waste at the site was partly mixed with bricks,
cement debris etc. which leads to alkaline pH [pH 7 to 9; pH in the groundwater 7.1–8.7
(Amundsen et al. 1995)], while normal forest soil has typically pH 5 to 6. Furthermore,
the area along the coast is densely populated, and urban waste (such as defect TVs) was
found all around, also on the reference area. A fence was close by (eventually releasing Zn,
Cd, Ni, and Cr), and a road. Generally, it will be difﬁcult to ﬁnd totally unpolluted soils in
urban areas, and thus well-suited reference sites. No soil samples were taken and analyzed
from the reference site, so neither concentrations nor soil conditions are known.
Concentrations in wood were generally low, typically factor 100 or more lower than
concentrations in soil. At the same time, sample volumes were necessarily small (<1 g).
Subsequently, the measured concentrations for some elements (As, Ni) were often close
to or even below the detection limit. The use of another analytical instrument (ICP-MS,
AAS with graphite oven) might improve the limit of determination. Under this aspect, the
measurement of leaves might be superior, because concentrations are generally higher than
in wood (Vandecasteele et al. 2008; Harada et al. 2010). But atmospheric deposition is
often an important source for heavy metals in leaves (Gratani et al. 2008; Legind and Trapp
2010; McLaughlin et al. 2011) and could disturb the phytoscreening. Indeed, atmospheric
deposition could be one reason for the often small difference of concentrations in samples
from test and reference site.
Toxic elements are also toxic to trees (Marschner 1995; McLaughlin et al. 2011).
Perhaps, trees avoid growth in polluted soil and extend their roots preferably into cleaner
soil areas. Tree growth on highly polluted soils is perhaps impossible, which means in
turn that trees cannot be used as indicator for such high pollution. The method is therefore
restricted to a certain concentration range, limited by detection limit at the lower end and
by severe toxic effects at the higher end.
Toxic metals reside often in soil layers close to the surface and are therefore available
for hand-driven borers. It is probably easier and more certain to determine the heavy metal
concentrations of soil samples, instead of using the indirect analysis of wood samples.
On the other hand, trees do integrate over a large volume (up to > 100 m3 root zone per
tree) and smooth out inhomogeneities of soil contamination. Also, they yield directly the
bioavailable (and thus toxic and mobile) fraction. This is because uptake from soil into
roots is most likely from the bioavailable pool (McLaughlin 2002). Consequently, elevated
levels in wood do not necessarily indicate elevated total concentrations in soil. It can be
seen as an advantage that phytoscreening directly tracks the fraction of the chemical that is
freely available for uptake, toxicity and leaching. Legal standards, however, are typically
based on total concentration in soil, e.g., in Denmark (Miljøstyrelsen 2010).
CONCLUSIONS
We tested phytoscreening of toxic elements and heavy metals for an abandoned waste
site, by comparing concentrations in wood samples from the test site with concentrations in
samples from reference sites. In all except one case, the concentrations of the investigated
toxic elements were higher in wood from the test site. However, toxic elements occur in
higher or lower amounts in any soil. Subsequently, the elements were also present in refer-
ence samples. The uptake underlies natural variations and depends on tree species and soil
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properties. Consequently, the differences between contaminated test site and (nominally)
unpolluted reference site were not always statistically signiﬁcant.
Although it is too early to judge the feasibility of the tree coremethod for toxicmetals,
it became already apparent that the method is more difﬁcult to use than for chlorinated
solvents, which are purely anthropogenic compounds. In particular, the occurrence of a toxic
element in wood alone cannot be used as criterion for subsurface pollution, a statistically
sound comparison to samples from a well-suited reference site (same tree species, same
age, similar soil properties, non-polluted) is necessary. This increases the efforts and the
uncertainty of the method.
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Abstract The main purpose of this study was to determine
typical concentrations of heavy metals (HM) in wood from
willows and poplars, in order to test the feasibility of phyto-
screening and phytoextraction of HM. Samples were taken from
one strongly, one moderately, and one slightly polluted site and
from three reference sites. Wood from both tree species had
similar background concentrations at 0.5 mg kg−1 for cadmium
(Cd), 1.6 mg kg−1 for copper (Cu), 0.3 mg kg−1 for nickel (Ni),
and 25 mg kg−1 for zinc (Zn). Concentrations of chromium (Cr)
and lead (Pb) were below or close to detection limit. Concen-
trations in wood from the highly polluted site were significantly
elevated, compared to references, in particular for willow. The
conclusion from these results is that tree coring could be used
successfully to identify strongly heavy metal-polluted soil for
Cd, Cu, Ni, Zn, and that willow trees were superior to poplars,
except when screening for Ni. Phytoextraction of HMs was
quantified from measured concentration in wood at the most
polluted site. Extraction efficiencies were best for willows and
Cd, but below 0.5 % over 10 years, and below 1‰ in 10 years
for all other HMs.
Keywords Extraction efficiencies . Phytoremediation .
Phytotechnologies . Plant uptake . Soil contamination . Toxic
elements . Tree core sampling .Wood
Background, aim, and scope
The examination of subsurface pollution by analyzing tree
cores was started in the 1990s in the USA (Schumacher
et al. 2004; Vroblesky et al. 1999). Today, phytoscreening of
soil and groundwater has become a scientifically validated
and recognized method (Sorek et al. 2008; Gopalakrishnan
et al. 2007) and has frequently been used to investigate
plumes of chlorinated solvents, such as tetrachloroethene,
trichloroethene, and cis-1,2-dichloroethene (Sorek et al.
2008; Larsen et al. 2008). The principle underlying the
method is that contaminants are taken up by roots and
translocated upwards to the stem. By use of a borer, tree
cores can be taken from the trunks of trees for chemical
analysis. The presence of subsurface pollutants in the wood
was found to indicate the presence of these pollutants in soil
and/or groundwater (Burken et al. 2011).
Using tree core sampling as a phytoscreening technique for
chlorinated solvents is now an established technique (Holm
et al. 2011; Vroblesky 2008; Trapp et al. 2007) with beginning
commercial use. Recent developments include applying solid-
phase microextraction methods for in planta quantification of
chlorinated compounds (Sheehan et al. 2012). However, what
works so well for volatile organic compounds seems to provide
more difficulties for heavy metals (HM). Algreen et al. (2012)
tested tree coring of toxic elements and HMs for an abandoned
waste site in Norway by comparing concentrations in wood
samples from the test site with concentrations in samples from
reference sites. In most cases, the concentrations of the inves-
tigated elements were higher in wood from the test site. But the
authors also found a high variation in heavy metal content of
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the wood, and a dependency on tree species. This may be due
to the fact that several heavy metals are essential for plant
growth (McLaughlin et al. 2011). The mere occurrence of
HM in wood does, therefore, not indicate elevated levels or
pollution of subsurface. Willows (Salix sp.) and poplars
(Populus sp.) usually had the highest contents of HM in wood,
compared to other tree species, and were preferably sampled.
However, the observed differences between contaminated test
site and (nominally) unpolluted reference site were not always
statistically significant. A main conclusion from that study was
that phytoscreening with tree cores is more difficult to use for
HM than for chlorinated solvents. Overall, tree coring seemed a
promising way to find subsurface contamination, but the results
of the study did not allow a final judgment of the feasibility of
this method for HM (Algreen et al. 2012).
Numerous studies deal with the uptake ofHM into vegetation
(McLaughlin et al. 2011). For example, the BAPPET database
(2008) reports measured concentrations of metals in plant tissue
and soil, with many thousand entries.Most crops and vegetables
are considered, but there are no data on wood. Generally, only
few scientific studies focused on HM concentrations in wood
(Algreen et al. 2012). This is quite surprising, giving the high
interest in phytoextraction of metals. Rock (2003) gives an
overview of 33 field trials for phytoremediation, and trees such
as willow (Salix sp.) and hybrid poplar (Populus sp.) are among
the most frequently used species. However, in most of these
field studies, the effect of phytoextraction on metal concentra-
tions in soil was negligible or insignificant. Elevated heavy
metal concentrations in vegetation have also been used for
prospecting ore deposits (Hohl 1981).
We applied the tree coring method and took wood samples
from willows (Salix sp.) and poplars (Populus sp.) at three
polluted test sites and three non-polluted reference sites in Den-
mark. The concentrations of cadmium (Cd), chromium (Cr),
copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) in wood and
soil were analyzed and evaluated. Goals of this study were to
determine typical concentrations of HM in wood from willows
and poplars and to investigate tree core sampling as a low
invasive screening method. The latter included testing for differ-
ences of HM concentrations in wood from trees growing under
background conditions and on polluted sites, testing for differ-
ences in HM uptake between the two tree species, and studying
the relation between HM in soil and wood. Another goal was to
evaluate the feasibility of HM extraction from contaminated sites
by performing a mass balance, based on a 10-year field trial.
Materials and methods
Test sites
Three test sites located in Denmark were selected for tree core
and soil sampling (Fig. S1 in the Supporting Information).
Test site 1, Valby Most samples were taken from the former
sludge disposal site in Valby. The site is distant from traffic and
close to the Baltic Sea. The site has a known high pollution
with organic and inorganic pollutants and was from 1999 to
2005 used as phytoremediation test site by the Danish Envi-
ronmental Protection Agency (Oberender et al. 2009). Willows
(Salix viminalis varieties) and poplars (mostly Populus
trichocarpa) were planted in 1999 at the site in two separate
areas (Fig. S1a). Approximately 15 % of the trees died the first
year, and additional trees were planted in 2000. Remaining
trees have shown good growth, but some trees had curled and
spotted leaves indicating stress and/or diseases (Oberender
et al. 2009). The concentrations of Cd, Cr, Cu, Pb, Ni, and Zn
(among others) in the soil are high (up to 30, 1,300, 700, 200,
4,400, and 6,200 mg kg−1 total soil dry weight, respectively),
classifying the soil as strongly polluted. Samples from trees
growing in the arboretum in Hørsholm, North Sealand, Den-
mark, were taken as reference.
Test site 2, Frederiksværk A second sampling site is a steel
work in Frederiksværk (Fig. S1b). Hazardous waste was depos-
ited at the site from 1942 to the late 1980s. The waste consisted
of steel scrap and dross from the production, but also chemicals
used in the production. The major pollutants at the site were Cd,
Cr, Cu, Pb, and Zn. The zones with highest contamination were
remediated and are without trees. A site with lower HM content,
labeled as “potentially polluted zone” was used for this study.
Further information about the site is not available. The reference
site was a presumably unpolluted area nearby.
Test site 3, Hillerød Between 1936 and 1976, this site was
used as wood proofing facility (Fig. S1c). This resulted in a
heterogeneous soil contamination with arsenic, chromium,
and copper. The site has not been remediated (further details
are reported by Skov og Naturstyrelsen 1989a, b). Reference
samples were taken nearby, from an area assumed to be
unpolluted.
Sampling
Tree cores Sampling was done according to the Guide to
Phytoscreening (Holm et al. 2011). Tree core samples were
taken at a height of 1 m using a 6 mm increment borer
(Suunto, Finland). Three tree cores with a length of 6 cm
where taken around the tree. The outer centimeter, containing
the bark and the phloem, was discarded to avoid atmospheric
influence. The tree cores from each tree were mixed together
in plastic bags for storage until sample preparation. Tree core
sampling from test site 1 was performed first in June and
September 2011, and 18 samples from willows (S . viminalis )
and 18 from poplars (P. trichocarpa ) were taken. From the
reference site, Arboretum in Hørsholm, four willows (Salix
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sp.), and four poplars (Populus sp.) were sampled late Sep-
tember 2011. At test site 2, 18 poplars (Populus nigra ) ar-
ranged in a line, as well as two poplars from the nearby
reference site were sampled in spring 2010. At test site 3, nine
willows (Salix sp.) placed at three locations and two willows
from the reference site were sampled in summer 2010.
Soil samples The content of HM in soil was analyzed in soil
samples from each test site. Each soil sample consisted of
three soil cores down to 0.7-m depth around the crown of the
tree. The upper 20 cm (top soil) were removed and the
remaining soil was mixed together to one sample. The sam-
ples were stored in plastic bags until preparation for analysis.
The number of samples varied between sites, depending on
the site conditions (presence and location of trees, accessibil-
ity for soil sampling). From test site 1, three samples from the
area of willows and five samples from the area of poplars were
taken in the beginning of June 2011. From test site 2, eight soil
samples (from every second tree) and from test site 3 three soil
samples (one from each area) were sampled additionally with
the tree core samples. One soil sample from the reference sites
were also taken. Sampling at test site 1 in 2001 is described by
Oberender et al. (2009).
Sample preparation and analytical method
Tree core samples Tree core samples were divided into small-
er pieces and dried at 75 °C for approximately 24 h to constant
weight. Between 0.5 to 0.8 g of the dried sample were
weighed into a 50-ml volumetric flask (in duplicates). Ten
milliliter 65 % HNO3 was added, and the flask was placed on
a sand bath at 70–80 °C or until the wood was dissolved
(approximately 2 h). Flasks were then removed and cooled
at room temperature for 10 min before 2.5 ml 30 % H2O2 was
added. The flasks were placed back on the sand bath until the
gas reaction was completed. The procedure was repeated with
additional 2.5 ml 30 % H2O2. Milli-Q water was added to a
volume of 50 ml, and the flask was shaken. Approximately
3 ml of the sample was transferred to a centrifuge glass, the
glass was shaken and emptied. The rest of the sample was
transferred to the same centrifuge glass and centrifuged for
10 min with 2,500 rpm. The supernatant was transferred to
plastic (PE) bottles for storage at room temperature. Seven
milliliter of sample was transferred to the test tube for
analysis.
Soil samples Soil samples were dried at approximately 23 °C
for 3 days to constant weight. For measurements of the total
concentration, further sample preparation was done analogue
to the sample preparation of the tree core samples. For mea-
surement of the easily extractable concentration of HM, ap-
proximately 8 g soil was weighed into blue cap bottles (in
duplicates) and 90 ml 1 mM CaCl2 was added. The bottles
were placed on a shaking bench for 24 h. After shaking,
approximately 3 ml of sample were transferred to a centrifuge
glass, shaken, and emptied. The rest of the sample was trans-
ferred to the same centrifuge glass and centrifuged for 10 min
with 2,500 rpm. The supernatant was transferred to plastic
(PE) bottles for storage at room temperature. Seven milliliter
of sample was transferred to test tubes for analysis. Prepara-
tion and analysis of soil samples taken in 2001 at test site 1 are
described in Oberender et al. (2009).
All equipment used for sample preparation was acid washed
before use. All soil samples were prepared and analyzed after
working with the tree core samples to avoid contamination of
the tree core samples from the soil samples.
Analytical method All analyses were performed on inductively
coupled plasma optical emission spectrometry (Varian, Vista-
MPX) and with an internal standard (Yttrium 1 mg/L/HNO3
1%w/w). The calibration curves were done from nine standards
in the concentration interval of 0.3–1,012 μg metal/L. Samples
measured above 1,012 μg metal/L were diluted and reanalyzed.
Six metals were analyzed as follows: Cd (228.802 nm λ), Cr
(205.560 nm λ), Cu (327.395 nm λ), Ni (231.604 nm λ), Pb
(220.353 nm λ), and Zn (206.200 nm λ). All concentrations in
soil and wood are given for the dry weight.
Quality control The method of sample preparation was vali-
dated by comparison to the referenced soil standard QC loam
soil (Sigma-Aldrich, DK). The analytical method was validated
by spike samples, controls, method blank samples, and total
blank samples. Measurements below detection limit (DL) were
adjusted to ½ of DL (data for DL are shown in Table S1,
Supporting Information).
Calculations
Statistical tests The normal distribution of the Valby data was
tested by a Kolmogorov–Smirnov test at α=5 %, and normal
distribution could not be rejected in any case. Therefore,
parametrical statistical tests were used. A two-tailed t test with
error probability of 0.05 (α=5 %) was applied to test for
significance of differences between mean concentration in
wood and soil from test and reference sites, and from willows
and poplars. The relation between concentrations of HM in
wood and soil (total and easily extractable concentration) was
evaluated by Pearson linear correlation and regression
analysis.
Bioconcentration factor in trees The bioconcentration factor
(BCF) was calculated from the concentration of metals mea-
sured in wood CWood (in milligrams per kilogram) divided by
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the total metal concentration measured in the soil CSoil (in
milligrams per kilogram) as follows:
BCF ¼ CWood=CSoil;total ð1Þ
The BCF values were derived as the average of each sample
pair (wood vs. soil) at each site and for each tree species. At
test sites 2 and 3, more than one tree core sample was related
to one soil sample, and average concentrations in wood were
used for the calculation.
Alternatively, the BCF was derived from the slope of the
regression betweenCWood andCSoil (Trapp and Legind 2011).
The advantage is that both low and high concentrations con-
tribute. A second advantage is that the Y-intercept of the
regression can be interpreted as background concentration of
HM inwoodwhich is independent of the concentration in soil.
The strength of the relation between CWood and CSoil can be
judged from the coefficient of determination R2, which de-
scribes the variance in Y (concentration in wood) that is
explained by the regression to concentration in soil. The slope
is significant when R2>R2crit (Sachs 1992).
Mass balance calculations Metal concentrations in soil from
test site 1 were obtained in 2001 and 2011. Additionally, the
removal of HM from soil due to phytoextraction by trees can
be calculated as follows:
Δm ¼ −ΔMWood  CWood ð2Þ
Where Δm (in milligrams) is the mass of HM extracted
from soil, Cwood is the measured concentration of HM in
wood and ΔMwood is the mass of wood grown in the 10 years
since planting (approximately 10 kg m−2 for willows and
15 kg m−2 for poplar (BSELF 2012)). These typical values
do not consider possible growth reductions due to toxic effects
by soil contamination. The resulting change in concentration
depends on the soil volume assumed for extraction. With a
depth of 0.7 m (maximum depth of soil samples) and a typical
soil dry density of 1.3 kg L−1, the soil mass M soil is 910 kg.
The calculated change of concentration in soil over the
10 years ΔC (in milligrams per kilogram) is as follows:
ΔCSoil ¼ Δm=MSoil ð3Þ
Calculations of the time span t (in year) required to reach
the legal standards by phytoextraction were done assuming
constant wood growth and BCF. Based upon the equations
above, the differential equation for the change of concentra-
tion in soil is obtained as follows:
dCSoil
dt
¼ −BCF  dMWood
dt MSoil  CSoil ¼ −k  CSoil ð4Þ
Where dMWood/dt (in kilograms per year) is the change of
wood mass with time. With a constant extraction rate coeffi-
cient k (per year), it follows from the analytical solution that
the time t to reach CSoil(t) (here: legal standard) is as follows:
t ¼
ðlnðCSoil 0ð Þ=CSoil tð ÞÞ
k
ð5Þ
Results
Concentrations in soil The measured total and easily extract-
able concentrations of HM in soil from the test and reference
sites are shown in Table 1. Average and range (minimum to
maximum, using all duplicates) are given there, and Table S2
(Supporting Information) provides also standard deviation,
median, minimum, and maximum. All concentrations of
HM in total soil were above DL, but results for the easily
extractable concentration were often below. For all sites, me-
dian and average are similar, indicating symmetrical distribu-
tion of data (Table S2). Generally, concentrations were highest
for Zn and lowest for Cd. There is large difference between the
sites, with test site 1 having by far the highest concentrations
of all metals, followed by test site 2. Test site 3 and the
reference sites have similar, and low, level of pollution in soil.
Thus, tree core sampling results from test site 1 are of most
relevance for the test of tree coring as a screening method.
Concentrations in tree cores Concentrations measured in the
tree core samples are summarized in Table 1 (for more details
see Table S3, Supporting Information). The average and range
of metal concentrations in willows and poplars can also be
seen in Fig. 1. The concentrations of Cd, Cu, Ni, and Zn in
wood were in all, except a few cases, above DL. For Cr and
Pb, almost all concentrations in wood were below DL and are
not shown and not evaluated further. Willows showed gener-
ally higher concentrations of Cd, Cu, and Zn than poplars.
Only for Ni, poplars had the higher concentration in wood.
Significant differences in concentrations from test and refer-
ence sites The statistical significance of differences between
results from test and reference site was tested both for concen-
trations in soil and in wood (Table S4, Supporting Information).
The total concentrations in soil of test site 1 and 2 were signif-
icantly higher than in their reference sites. Contrary, test site 3
had significantly lower levels of HM than reference site 3,
except for Cu. For the easily extractable concentrations in soil,
the difference was significant for all HM on test and reference
site 1. For test and reference site 2, the difference in easy
extractable HM was also significant except for Cd. There was
no significant difference for test and reference site 3. For wood,
the differences in concentration from test and reference site 1
were all significant, except Cu in poplar wood. At test site 2, no
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significant differences were found, and at test site 3, only the
concentration of Cd in willows differed significantly, which
again was higher in the samples from reference site 3.
Difference between tree species At a significance level of
α=5 %, willows show significantly higher concentrations of
Cd, Cu, and Zn and poplar of Ni at test site 1. The same result
is obtained if concentrations in tree species from all sites
together are tested for species differences. For reference site
1, poplar wood has significantly higher concentrations of Zn
than willow wood (Table S5, Supporting Information).
Relation between concentration in wood and in soil Concen-
trations in wood versus concentrations in soil are shown in
Figs. 2 (total concentration) and S2 (easily extractable concen-
tration in soil). Measured concentrations in wood are highest for
Zn>Cu>Cd>Ni for both tree species. Except for Cu and Zn in
poplar wood, concentrations in wood increase with increasing
soil concentrations, and generally more in willow wood except
for Ni. Table 2 shows the BCF values derived from the slopes of
the linear regression between all concentrations in wood and
soil, and the Y-intercept interpreted as background concentration
in wood. Two of the eight linear regressions have an explained
variance (R2) above 70 %; four regression coefficients are
significant at an error probability of 5 %. The highest slope of
the regression line between concentrations in wood and in soil
was obtained for Cd, both for willows and poplars. Regressions
were also made for the relation of concentration in wood to the
easily extractable concentration in soil (Fig. S2, Supporting
Information). Only in two (out of eight) cases, R2 improves
(Cu in willows, Ni in poplars, not shown). BCF values derived
with Eq. (1) from average concentrations in wood and soils at
each site are only useful for test site 1. For all other sites,
measured concentrations in wood are close to background. This
can be seen by comparison of the Y-intercept of the BCF
regressions (Table 2) with the mean concentrations in willow
wood of the sites (Table 1), which are rather similar for all HM
and the reference sites as well as test sites 2 and 3. Overall,
willows take HM better up, and concentrations in wood show a
stronger relation to those in soil. Consequently, willows are
better indicators of subsurface HM than poplars.
Discussion
Level of soil contamination The usual background level in
Danish soils is for Cd from 0.003 to 0.5 mg kg−1, for Cu at
Table 1 Total and easily extractable concentrations of HM in soil and HM concentration in wood (average values, ranges given in brackets)
CSoil,total (mg kg
−1) CSoil,extractable (mg kg
−1) CWood (mg kg
−1) CSoil,total (mg kg
−1) CSoil,extractable (mg kg
−1) CWood (mg kg
−1)
Test site 1, willow area Reference site 1, willow area
3 soil samples, n =6 18 trees, n =36 3 soil samples, n =6 4 trees, n =8
Cd 23.9 (16.8–33.9) 0.014 (0.005–0.027) 3.08 (0.84–4.75) 0.23 (0.21–0.26) 0.0036 (0.0022–0.0055) 0.65 (0.24–1.6)
Cu 588 (443–708) 1.98 (1.38–2.67) 10.7 (1.96–33.4) 4.36 (3.93–5.16) 0.025 (0.013–0.029) 1.68 (1.3–2.59)
Ni 132 (89.3–166) 0.97 (0.64–1.23) 0.48 (0.28–1.24) 4.51 (4.27–4.96) 0.026 (0.012–0.044) 0.095 (0.081–0.12)
Zn 3,270 (2,236–4,403) 2.20 (1.28–4.33) 106 (55.1–188) 26.7 (22.6–31.5) 0.10 (0.046–0.19) 21.6 (13–31.4)
Test site 1, poplar area Reference site 1, poplar area
5 soil samples, n =10 18 trees, n =36 3 soil samples, n =6 4 trees, n =8
Cd 10.9 (8.64–14.5) 0.012 (0.0071–0.016) 0.62 (0.36–1.17) 0.42 (0.11–1.06) 0.0022 (0.0022–0.0023) 0.52 (0.16–1.17)
Cu 651 (575–736) 2.57 (2.08–3.01) 1.21 (0.69–2.82) 11.7 (1.53–29.4) 0.033 (0.013–0.058) 1.11 (0.57–2.95)
Ni 153 (104–212) 1.89 (1.2–2.32) 0.74 (0.41–1.97) 7.37 (3.48–16.6) 0.043 (0.035–0.056) 0.49 (0.081–0.85)
Zn 2,964 (2,481–3,500) 3.82 (2.57–4.94) 32.9 (19.8–76.1) 20.9 (11.1–44.6) 0.072 (0.047–0.12) 25.3 (6.54–76.1)
Test site 2 (poplars) Reference site 2 (poplars)
8 soil samples, n =16 18 trees, n =36 1 soil sample, n =2 2 trees, n =4
Cd 0.99 (0.29–3.45) 0.0057 (0.0015–0.011) 0.42 (0.21–0.67) 0.43 (0.31–0.54) 0.0025 (0.0015–0.0036) 0.52 (0.28–0.74)
Cu 67.4 (9–169) 0.43 (0.11–0.91) 1.64 (0.99–3.03) 8.34 (7.82–8.85) 0.11 (0.11–0.11) 1.20 (1.09–1.35)
Ni 15.8 (6.25–36.3) 0.077 (0.011–0.2) 0.34 (0.12–0.75) 6.11 (4.72–7.51) 0.014 (0.011–0.018) 0.27 (0.19–0.34)
Zn 243 (36.6–645) 1.29 (0.34–2.9) 35.7 (16.7–70.1) 55.6 (41.5–69.7) 0.17 (0.094–0.25) 20.6 (15.2–28.3)
Test site 3 (willows) Reference site 3 (willows)
3 soil samples, n =6 9 trees, n =17 1 soil sample, n =2 2 trees, n =4
Cd 0.16 (0.13–0.19) 0.068 (0.015–0.18) 0.22 (0.07–0.46) 0.31 (0.29–0.33) 0.115 (0.104–0.125) 0.86 (0.75–1.04)
Cu 8.51 (4.19–12.4) 0.73 (0.45–1.32) 1.51 (0.9–2.86) 6.39 (6.2–6.59) 0.45 (0.45–0.45) 1.79 (1.26–2.34)
Ni 3.46 (2.09–4.69) 0.27 (0.039–0.79) 0.36 (0.12–0.69) 9.18 (8.89–9.47) 0.43 (0.36–0.49) 0.51 (0.33–0.72)
Zn 24.4 (20–27.2) 4.44 (0.25–12) 19.6 (10.8–30) 30.9 (29.8–32) 5.30 (4.99–5.6) 24.1 (20–28.9)
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about 13 mg kg−1, for Ni from 0.1 to 50 mg kg−1, and for Zn
between 10 and 300 mg kg−1 (average 40) (Miljøstyrelsen
1998). All measured total HM concentrations at test site 1 and
the total concentrations of Cd and Cu in soils from test site 2
are above the background level. Concentrations in soils from
test site 3 and from all reference sites are close to or even
below the given background levels. In Denmark, two stan-
dards (Table S6, Supporting Information) are used to classify
soil contamination levels as follows: (1) the soil quality stan-
dard, below which the soil can be used for any purpose, and
(2) the enclosure standard, where exceeding concentrations
indicate that the soil should be remediated or covered to avoid
risks (Miljøstyrelsen 2010). Accordingly, test site 1 can be
classified as strongly polluted and above enclosure standard
for Cd, Ni, and Zn; test site 2 can be classified as slightly
polluted with only Cd above the quality standard. Test site 3 is
not polluted; all investigated HM are below the quality
standard.
Concentrations in tree cores The concentration data in Table 1
together with the Y-intercepts in Table 2 suggest that both
willows and poplars show a certain background concentration
in wood that is relatively stable at all reference sites and at the
non-polluted test site 3. This typical background concentration
in wood is similar for poplars and willows and is about
0.5 mg kg−1 for Cd (between 0.5 and 0.9 mg kg−1),
1.6 (1.1−1.8) mg kg−1 dw for Cu, 0.3 (0.1–0.5) mg kg−1 for
Ni, and 20 to 25 mg kg−1 for Zn. Other studies show similar
background concentrations in poplars and willows (Evangelou
et al. 2013; Algreen et al. 2012). Algreen et al. measured
concentrations in tree core samples from the former dump site
Møringa in Norway. Concentrations of Cd in willows and
poplars were similar and ranged from 0.33 to 0.76 mg kg−1
wood. This is comparable to the results found in this study,
except for Cd in willows from the highly polluted test site 1.
The same was seen for Cu, where the range in samples from
Møringa (1.95 in reference willows and 1.33 to 1.66 mg kg−1
for poplars from reference and test) is close to the Cu contents
in both willows and poplars from Danish reference and less
polluted sites (average 1.11 to 1.79 mg kg−1, Table 1). The Cu
concentration in willows from the Norwegian test site was
3.05 mg kg−1 and was clearly elevated, but less than in this
study (10.7 mg kg−1 in willows from test site 1). Concentra-
tions of Zn in poplars from Norway were 27 to 32.5 mg kg−1
(reference and test site), and in willows 15 and 32 mg kg−1
(first and second campaign, reference site) and 25 and
36 mg kg−1 (test site), which is also close to the results
obtained in the present study, again with the exception of Zn
in willows from the highly polluted test site 1. Zacchini et al.
(2011) studied the cadmium accumulation in roots and leaves
from willows and poplars and found higher Cd content in
poplar roots than in willow roots, 9,735 and 4,082 mg kg−1
respectively, and consequently lower Cd content in poplar
leaves (23 mg kg−1) than in willow leaves (376 mg kg−1).
The difference between Cd in exposed and control willows
was higher than in our study. Reimann et al. (2001) and
Djingova et al. (2004) studied the content of Cd, Cr, Cu, Ni,
and other metals in leaves of willows and poplars. Their results
confirm higher HM concentrations in willow (leaves) than in
poplar (leaves), except for Cr. The capacity of Salix clones for
biomass production and accumulation of heavy metals was
tested by Mleczek et al. (2010). The maximum differences
between the highest and lowest heavy metal content in shoots
from the Salix clones were for Cd 84 %, Cu 90 %, mercury
167 %, Pb 190 %, and Zn 36 %. In the study of Pietrini et al.
(2010), a significant variability for translocation of Cd to
woody parts was found among 10 poplar clones. The average
content of Cd in the stems of poplar clones grown in the
presence of 50 μM CdSO4 (at the end of the experiment)
was 1.56 mg, ranging from 0.75 to 2.22 mg. The standard
deviation was at 0.50 mg, and the coefficient of variation (CV)
thus 32 % (neither stem mass nor Cd concentration were
given). These results show that uptake and concentration of
HM in wood vary considerably with species and even with
clone. High standard deviation and CV was also found in the
previous study, but, nonetheless, a significant difference to the
Fig. 1 HM concentrations measured in the wood of poplars and willows
from strongly polluted test site 1, slightly polluted test site 2, and non-
polluted test site 3 and reference sites (Ref. 1 to 3). Average concentrations,
error bars indicate range
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results from the reference site was obtained, despite the low
number of sample events (Tables S3 and S4).
Willows (Salix sp.) and poplars (Populus sp.) both belong to the
family of Salicaceae. In Norway (Algreen et al. 2012), most
trees were from Salix caprea goat willows and P. nigra black
poplars. At reference sites 1 and 3 and test site 3, Salix alba
(white willow or silver willow) and at test and reference site 2 P.
nigra were sampled. At test site 1, S . viminalis (basket willows)
and balsam poplars (P. trichocarpa) were most frequent. It
seems that all these trees from the family Salicaceae have a
rather constant background concentration of the studied HM in
their wood, not varying much with habitat and species. If such a
typical background level is confirmed in future studies, elevated
concentrations can be detected without reference measurements.
This simplifies phytoscreening for HM considerably.
Relation between concentration in wood and in soil The BCF
values calculated for each site using Eq. (1), i.e., from the
average concentrations, decrease for both species with in-
creasing soil concentration (Table 2). Inspection of Fig. 2
offers some explanation; at low concentrations in soil, HM
inwood are at almost constant level, independent of the HM in
soil. Only at rather high concentrations in soil, levels in wood
increase, too. This increase is not very well described by the
linear fit, i.e., the transfer soil-to-plant is nonlinear with re-
spect to soil concentrations. The regressions provide reason-
able predictions only for the highest values. This is in accor-
dance with recent findings by Tuovinen et al. (2011). It can be
speculated that below a certain threshold, enzyme systems
regulate HM uptake, and above, metals break through. Such
pattern has been observed for essential heavy metals
(McLaughlin et al. 2011), but also for salt (Trapp et al.
2008). The concentrations of Cu and Zn in poplar wood are
rather unrelated to the respective concentrations in soil; the
slope is even negative. Interestingly, both metals are known as
essential for plant growth (Marschner 1995). The regression
with the easily extractable concentration in soil improves the
R2 only in two out of eight cases, indicating that the widely
applied CaCl2-extractable fraction of HM in soil is not always
a good predictor for the bioavailable fraction of HM. Smith el
at. (2012) compared the residues of Cu and Zn and their
effects in plants with the bioavailable concentration in soil
determined by several extraction methods, among them
CaCl2-extraction. The authors found that effects of Cu on
plants best correlated with total concentration.
Fig. 2 Measured concentrations
of Cd, Cu, Ni, and Zn in wood
(willow and poplar) versus
measured total concentrations in
soil. Lines represent linear fit
(poplar dotted); black arrows
indicate usual Danish background
in soil (Miljøstyrelsen 1998)
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Mass balance calculations Test site 1 had been established as
a test site for phytoremediation (cf. section test sites) in 1999.
Table 3 compares the measured concentrations of HM in soil
in 2001 (Oberender et al. 2009) and in 2011 (this study, from
Table 1). The removal of HM from soil into wood by
phytoextraction was calculated with Eqs. (2) and (3), based
on measured concentrations in wood (also shown in Table 3).
The extraction with willows is for Cd, Cu, Ni, and Zn much
higher (factors 5 to 8) than with poplars, despite the lower
biomass production. The highest relative extraction (percent
of 2001 soil concentration) is calculated for Cd and willows,
but still less than 1 % in 10 years. The extraction by poplars is
below 1‰ for all four HM. The measured concentrations in
2011 are sometimes below, sometimes above, than those from
2001. There were small differences in the sampling method
(depth in 2001, 0.85 to 1.25 m; in 2011, 0.7 m) and extraction
procedure (aqua regia in 2001, HNO3 in 2011). Due to the
large variance of the HM analysis in soil, a real difference
between the HM concentrations in soil determined in 2001
and 2011 cannot be seen.
The time it takes to reach legal standards in soil by
phytoextraction alone was calculated with Eq (5). The slowest
metal extraction is for Ni, where the measured concentration
C(0) on the poplar area is 170 mg kg−1, the quality standard
C(t) is 30 mg kg−1, and BCF poplar is 0.0059 kg kg−1. With a
ΔMWood of 1.5 kg m−2 year−1 for poplar, and aMSoil of 910 kg
as above, k is 9.73×10−6 year−1, and t is 178,360 years. Also
with the more optimistic BCF from the reference site
(0.045 kg kg−1), the extraction down to the standard still takes
more than 20,000 years. Both numbers are not acceptable for
an applied phytoremediation project. The calculated extraction
efficiency is higher for the other sites, both because absolute
concentrations in soil are lower, and relative bioconcentration
factors (Table 2) are higher. However, none of the other sites is
above the enclosure level that was set by the Danish EPA
(Miljøstyrelsen 2010), and thus, no treatment is required. Trees
on test site 1 have in 2013 partly been cut down, and the site is
now used as parking place, perhaps also due to the slow
extraction. Growing trees still is a reasonable way of using
such highly polluted sites. Benefits of a plant cover are reduc-
tion of leaching and erosion (Hammer el at. 2003; Trapp and
Karlson 2001). Moreover, forests provide a habitat for wildlife,
relaxation for humans, fixing of CO2, and can be harvested.
Hammer et al. (2003) investigated the phytoextraction of Cd
and Zn with willow (S . viminalis) in field trials in Switzerland.
Initial total concentrations in soil were lower than in our study,
namely 2.3mg kg−1 Cd and 650mg kg−1 Zn. Concentrations of
Cd and Zn in shoots (leaves and wood) decreased over the 5-
year period from 3.6 to 1.5 mg kg−1 Cd and from 200 to
70 mg kg−1 Zn. Total extraction increased due to an increase
of biomass production, and was at maximum about 60 g Cd
ha−1 (6 mg m−2) per year and about 5 kg Zn ha−1 (500 mgm−2)
per year, which is two times more for Cd and five times more
for Zn than in our study (Table 3).
Conclusions
Tree cores from willows and poplars from a strongly polluted, a
moderately polluted, and a practically non-polluted test site and
from reference sites were sampled and analyzed for heavy
metals (HM). Concentrations of Cd, Cu, Ni, and Zn in willow
wood sampled from the highly polluted site were significantly
elevated, compared to references, indicating the feasibility of
phytoscreening for some HM with willows at strongly polluted
sites. Differences were less clear for poplar. Background con-
centrations in wood from less and non-polluted sites were in a
relatively narrow range and varied little with species, sampling
time, and other conditions.
Extraction efficiencies of HM from the highest polluted site
were best with willows due to the higher concentrations in wood
and despite the lower biomass, but were still below 0.5 % over
10 years for willows and Cd, and below 1‰ for the other HM
and for poplars. Nonetheless, we do recommend to plant trees
on HM-contaminated sites due to several beneficial effects.
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Abstract 
Background: This paper illustrates the usefulness of pre-screening methods 
for an effective characterization of polluted sites. Methods: We applied a  
sequence of site characterization methods to a former Soviet military airbase 
with likely fuel and BTEX contamination in shallow groundwater and      
subsoil. The methods were: i) phytoscreening with tree cores; ii) soil gas 
measurements for CH4, O2 and PID; iii) direct-push with MIP and LIF      
sensors; iv) direct-push sampling; v) sampling from soil and from  ground-
water monitoring wells. Phytoscreening and soil gas measurements are rapid 
and inexpensive pre-screening methods. Both indicated subsurface pollution 
and hot-spots successfully. The direct-push sensors yielded 3-D information 
about the extension and the volume of the subsurface plume. This study also 
expanded the applicability of tree coring to BTEX compounds, and tested the 
use of high-resolution direct-push sensors for light hydrocarbons.           
Comparison of screening results to results from conventional soil and 
groundwater sampling yielded in most cases high rank correlation and      
confirmed the findings.  Conclusion: The large-scale application of non- or 
low-invasive pre-screening can be of help in directing and focusing the     
subsequent, more expensive investigation methods. The rapid pre-screening 
methods also yielded useful information about potential remediation methods. 
Overall, we see several benefits of a step-wise screening and site              
characterization scheme, which we propose in conclusion.  
 
Introduction  
Megasites are per definition especially large and prominent brownfields,   
typically with several pollution sources with various contaminants (Schädler 
et al. 2012, Schirmer et al. 2012). Their sustainable regeneration demands to 
carefully consider the local complexities and uncertainties (Bartke and 
Schwarze 2015). Investors shy away from regeneration which involves the 
removal of actual or potential pollutions originating from previous use,     
because these can seriously impair the marketability of contaminated land. 
The reduced merchantability does not depend so much on the (level of)     
expected remediation costs but rather on their uncertainty and the remaining 
effect of stigmatization – an effect that can be reduced by improved site   
characterization (Bartke 2011). Conventional site characterization approaches 
are based on sampling soil and groundwater from bore holes and monitoring 
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wells. This tends to be time consuming and costly. At the same time, these 
approaches may involve uncertainties due to insufficient historical data or 
sampling density owed to limited budgets. The subsequent risk assessment 
may then be inaccurate and the results doubtful. Uncertainties can be reduced 
by applying a denser sampling grid, which, however, may be very expensive 
when applying traditional methods for large plots such as megasites. If     
contaminated properties are to be merchantable and reactivated, economically 
efficient site characterization strategies are a prerequisite.        
Every site is unique with respect to the contaminants and their behavior under 
the conditions specific to each site. Therefore, the methods to characterize 
and monitor a site need to be tailored to the site specific conditions (French et 
al. 2014). Several rapid, low- or non-invasive and cost-efficient techniques 
have been developed recently and can now be applied as part of the screening 
and monitoring strategy for megasites (Rein et al. 2011, 2015, Kästner et al. 
2012). Each screening method is related to a different level of precision and 
delivers different information about the contamination status and also on the 
ongoing processes at the site. We therefore assessed the opportunities of an 
optimized site characterization using the information gathered from fast and 
non-expensive pre-screening methods. In this study, the pre-screening    
methods of tree coring, soil gas measuring, and direct-push (DP) with     
high-resolution technologies, Membrane Interface Probe (MIP) and Laser 
Induced Fluorescence (LIF) sensors have been applied on a former Soviet 
military airbase near the city of Szprotawa in south-western Poland. 
Phytoscreening by tree coring is a qualitative and semi-quantitative method 
using trees as bioindicators for subsurface pollution. The technique takes  
advantage of the uptake and translocation of water from soil and groundwater 
by trees, and of herein dissolved pollutants. By sampling and analyzing a 
core from the stem, subsurface pollution can be detected. So far, this         
pre-screening method has mainly been applied at sites contaminated with 
chlorinated solvents (Wittlingerova et al. 2013, Sorek et al. 2008, Larsen et 
al. 2008, Gopalakrishnan et al. 2007, Ma and Burken 2002, Vroblesky et al. 
1999). For a couple of years, the feasibility of this method to detect other 
compounds such as heavy metals and BTEX (benzene, toluene, ethylbenzene, 
and xylenes) has been of scientific interest (Algreen et al. 2012, 2014, Wilson 
et al. 2013, Sorek et al. 2008). Results have not always been convincing, and 
more research on the feasibility of the method is needed. Tree coring requires 
a minimum of sampling equipment. It is particularly well suited for forested 
areas and can also be applied in inaccessible, swampy or remote areas as long 
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as there are trees. It is a non-invasive technique, which is of advantage if 
there are cables, pipes or explosives in the underground (Algreen and Trapp 
2014). Also the lack of trees, their deformation or miserable growth can show 
high levels of toxic substances in the underground (Trapp et al. 2001).  
Soil gas measurement is a rapid semi-quantitative method restricted to      
volatile contaminants in the vadose zone. During sampling, the gas contained 
in the interstitial spaces of the soil is extracted from a temporary or         
permanent probe and analyzed on site or in the laboratory.         
Soil gas measurements are offered commercially for a variety of volatile   
organic compounds (VOCs) including chlorinated hydrocarbons (e.g. Bishop 
et al. 1990, Rivett 1995) and petroleum derivatives like BTEX (Caldwell et 
al. 2012, Ramalho et al. 2014). The method allows real-time on-site        
measurements, which facilitate a higher degree of flexibility in the field.   
Besides BTEX and VOC, also methane, CO2 and oxygen levels can be    
monitored. High methane and low oxygen levels originate from aerobic     
biodegradation processes.  
Direct-push-based technologies were developed for a variety of drilling 
methods with pushing or hammering options to enable both screening and   
in-detail subsurface investigations in comparatively short time periods and at 
relatively low costs. This technique is performed by pushing and hammering 
small diameter hollow steel rods into the ground to acquire high-resolution 
depth profiles of different parameters. Direct-push high-resolution          
technologies are used commercially both for site screening and for detailed 
subsurface investigations. The application of Membrane Interface Probe 
(MIP) and Laser Induced Fluorescence (LIF) sensors has strongly increased 
during recent years (Dietrich and Leven 2006, Jacobs et al. 2000, Pitkin et al. 
1999, ASTM 1998, U.S. EPA 1998). The DP method also yields information 
about the vertical distribution of sub-surface contaminations.  
The purpose of this study has been to investigate the potential of the       
different pre-screening methods to obtain contamination levels at megasites, 
and to yield information on remediation options. The application of multiple 
pre-screening methods allows to sample in a denser grid and thus to obtain 
more data. This will minimize the risk of overlooking hot spots. Moreover, 
subsequent cost-intense methods like soil and groundwater sampling can be 
targeted to the most relevant areas. This makes site characterization more  
efficient and reliable, despite the fact that even less effort is required. Finally, 
the results obtained by the various pre-screening methods were compared  
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statistically with each other as well as with the results of the conventional 
soil and groundwater sampling. The conclusions on remediation options that 
can be drawn from the outcome of pre-screening will be reported in a        
separate publication (Clausen et al. 2015).  
 
Materials and Methods 
Site description  
The study was performed on a former military airbase located in Szprotawa 
in south-western Poland (Figure 1). The airfield was established in the 1930s 
– initially intended for gliders. By World War II, it changed into a German 
military airbase. After the war, the airfield became a Soviet military airbase, 
hosting also nuclear weapons. After the collapse of communism, the site was 
left derelict. Since 1992, some parcels of the site have been reused by civil 
facilities as a residential and industrial zone, but most of the site has          
remained abandoned and is now dilapidated.  
The derelict areas were investigated in the 1990s, revealing pollution with 
fuel compounds near the storage and distribution facilities for jet fuel        
(refueling, underground fuel storage and pipelines facilities) (NFOŚ 1991). In 
1998 and 1999, a purification of fuel compounds was performed, as well as a 
partial remediation by installing a bioventing barrier in the south-western part 
of the former fuel station (Arkadis 1998). Assumably, high risk areas are  
located in the central part of the airbase, see Fig. 1. A small pilot study (7-8th 
July 2011) showed that a considerable degree of pollution by jet fuel        
compounds was still present in the study area. In the soil, concentrations of 
benzines (light hydrocarbon fraction) between 1,000 to 9,000 mg/kg d.m. and 
BTEX concentrations of 50 to 70 mg/kg d.m. were measured in the high risk 
areas (fuel station, aircraft engine heating area). Outside of these spots, the 
concentrations were significantly lower (benzines 11-23 mg/kg d.m., BTEX 
2-2.3 mg/kg d.m.), but still exceeded acceptable standards for soil quality 
(Polish Ministry of Environment 2002, Table S1) according to the planned 
future land redevelopment (housing or commercial services in accordance 
with a local spatial development plan).  
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Figure 1. Location of the test site near Szprotawa (top) and the enlarged study area with 
zones of interest (bottom).  
 
Lithologically, the study area is covered by relatively homogeneous           
quaternary deposits, consisting of a thin layer of silty cover sediments        
(1-2 m) that are underlain by a 5-10 m layer of sands and gravels (aquifer). 
The free groundwater table is present at depths of between 0.2 and 7 m,    
typically in the range 2-3 m (Clean Air 1996). Besides the zones paved with 
concrete, the area is a combination of wastelands and forested areas. The 
groundwater depths measured during the present study were between        
1.5-2.2 m bgl in the fuel station area, in south-eastern direction dipping to 
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3.5 m bgl. In north and north-eastern direction from the watershed, the 
groundwater table depths were between 1.2-2.0 m. On the watershed, the 
groundwater depths were in the range of 0.9-1 m bgl. The hydraulic         
conductivities of the aquifer ranged between 1.1  10-6 m/s and 2  10-4 m/s. 
Field sampling  
Field sampling was performed in two campaigns. The first campaign was  
between 11th and 20th September 2012 and the second campaign on 18th and 
19th September 2013. The daytime temperature was from a minimum of 10 C 
to a maximum of 27 C. The weather was dry in the first campaign and with 
occasional drizzles in the second campaign. For the multiple pre-screening 
approaches, tree core sampling, soil gas measurements and the DP high    
resolution technologies of MIP and LIF were applied in the study area.     
Additionally, 20 piezometers for continuous groundwater monitoring were 
installed in groundwater wells, and, to confirm possible contaminations,    
individual groundwater samples were collected during direct-push operations, 
as well as soil samples from selected sampling points. In total, 220 sampling 
points were investigated with one or more of the screening methods. At 24 
points, four or more different methods were applied.  
Sampling methods  
Tree core sampling. This method had its beginnings decades ago (Vroblesky 
et al. 1999) and a number of guidelines were published by several authors 
within the last couple of years (Algreen and Trapp 2014, Trapp et al. 2012, 
Holm et al. 2011, Vroblesky 2008). Tree cores from 17 willows (Salix sp.) 
and 18 aspen (Populus tremula) were sampled. The samples were collected at 
a height of 1 m. They had a length of 6 cm and were taken with a 6 mm     
increment borer (Suunto, Finland). Replicate samples were collected from the 
other side of the tree. The outer centimeter of each core sample was removed 
to avoid atmospheric influence followed by quick transfer of the remaining 
wood sample into 20 ml analytical vials with 4 ml of water. Subsequently, 0.5 
ml internal standard containing fluorobenzene was added. The vials were 
closed and cooled until chemical analysis approximately four-to-six days  
after the sampling. All samples were analyzed for BTEX by HS-GC/MS 
(Headspace Gas Chromatography / Mass Spectrometry) on an Agilent system 
with a 30 m x 0.25 mm x 1.00 µm ZB-5 capillary column (Phenomenex).  
Incubation and temperature program are described in Algreen and Trapp 
(2014). The average of replicates was used, and measurements above the   
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detection limit but below quantification limit were set to one half of the  
quantification limit. Values are given in µg/l (content of the vial), which    
corresponds to about 0.133 µg/kg wood when wood density is 1 kg/L.  
Soil gas measurements. Active soil gas measurements were conducted at 84 
sampling points by drilling a temporary probe (ø 36 mm) to a depth of 2    
meters. To avoid contamination by exhaust fumes, an electric drill hammer 
was used. The drill holes were subsequently sealed at the surface with a 
pneumatic packer, and the soil gas was pumped for 10 minutes with an     
electric pump at a flow rate of 4 l/min. During the pumping, the               
concentrations of oxygen (O2), methane (CH4), carbon dioxide (CO2) and  
hydrogen sulfide (H2S) were monitored using a Fresenius airTOX gas    
measurement system. Throughout the pumping period, the total ionizable gas 
was measured using a MiniRAE 3000 photoionization detector (PID,         
calibrated with isobutylene). The PID readings were documented at intervals 
of ½, 1, 2, 3, 5, 7 and 10 minutes. At every sampling point, a free air     
measurement was conducted and ambient air temperature and atmospheric 
pressure were documented. At four selected measuring points soil gas       
extraction tests were conducted. Temporary gas monitoring wells were drilled 
by percussion drilling to a depth of 2 meters and equipped with 2 inch    
PVC-piezometers. The piezometers were installed in a way that at least 1  
meter of filter section was available in the sandy unsaturated zone between 
the top layer and the groundwater level. Gas was extracted using a vacuum 
blower that was connected to the extraction well. The extraction tests were 
carried out for 20 minutes during which under pressure (hPa), flow rates 
(m3/h), gas constituents such as oxygen, methane, carbon dioxide and        
hydrogen sulfide (Fresenius airTox gas measurement system) as well as    
ionizable gases (PID) were constantly monitored.               
At relevant PID concentrations during the extraction tests, gas samples were 
transferred into suitable containers (vacuum bottles, sorbent tubes) and taken 
to a commercial laboratory (AGROLAB Labor GmbH, Bruckberg, Germany) 
for quantitative analysis of BTEX, benzine range hydrocarbons (C5 – C12) 
and chlorinated hydrocarbons by gas chromatography. Samples in the sorbent 
tubes were extracted with phenoxyethane/methanol; samples in the vacuum 
bottles were measured directly. The extracts obtained were analyzed by 
GC/MS using a Varian 3900 system with a Varian Saturn 2100T mass     
spectrometer and a CP-SIL5CB 25 m x 0.15 mm x 2.0 µm df capillary      
column. The resulting mass spectra were confirmed with the NIST database 
using a search software and considering the calculated match probability. 
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Each analysis was validated with a blank sample. Signals appearing in both 
the sample and the method blank were not considered. The temperature    
program was: 40 ºC ramped at 15 ºC per min to 200 ºC held for 13 min. The 
injection volume was 1 mL headspace volume. 
Direct-push with high-resolution sensors. Using DP, soil, soil gas and 
groundwater samples were taken, and various sensors (for example MIP,  
Geoprobe, LIF, Dakota Technologies) were added to the DP equipment. MIP 
was used for in-situ screening of chlorinated hydrocarbons (CHC) and other 
VOCs in both the saturated and the vadose zone. Separation and detection of 
compounds is by gas chromatography equipped with a PID, FID (Flame    
Ionisation Detector) and a DELCD (Dry Electrolytic Conductivity Detector). 
This detector combination allowed for a selective specification of the       
contaminant type. LIF is able to detect every contamination caused by oil   
derived hydrocarbons. The sensors were drilled down to 10 m bgl using a 
Geoprobe DT6620 drill rig with optional anchored bridge for the hydraulic 
hammer, and 14 MIP and 26 LIF profiles were taken down to a maximum of 
10 m bgl. Before each sounding, a testing of the system sensitivity was     
carried out (MIP and LIF specific). Cone Penetration Testing (CPT) was   
applied, too, to determine soil properties and to map the site specific         
lithology. 
Soil and groundwater sampling and monitoring. Soil and groundwater    
sampling included the collection of seven soil samples, 19 groundwater    
samples with direct-push and the installation of 20 groundwater monitoring 
wells. Soil samples were collected using a hand rig (70 mm diameter). The 
samples were taken from the vadose zone and/or the groundwater level zone. 
To avoid evaporation of volatile compounds, the samples were directly 
placed in sealed glass vessels of 300 ml volume for analyses on                  
hydrocarbons. At five different investigation points, soil sampling was      
performed in a depth-differentiated manner with four samples per location 
(Geoprobe DT22 sampling system). Two types of HDPE piezometers were 
installed for groundwater sampling and monitoring. All groundwater       
monitoring wells (15 2” ID and 5 1” ID micro-wells) were installed down to 
around 7 m bgl with 4 – 5 m screened intervals and 60 µm filter protection 
membrane to prevent clogging. Bentonite seals were placed above the screens 
up to the surface. 39 depth-differentiated groundwater samples (Geoprobe 
SP16 sampling system) were pumped up. Soil and groundwater samples were 
directly placed in sealed dark glass vessels (300 ml) to minimize evaporation 
and degradation of the compounds. These samples were shipped to the lab in 
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a refrigerator at +4C. VOCs were extracted from soil (1 g) with methanol (5 
ml) in closed vials by agitation. After sedimentation, an aliquot of the extract 
(10 – 250 µl) was injected to 9.75 ml of deionised water in a chromatographic 
vial. The final volume was adjusted to 10 ml by adding methanol. BTEX and 
gasoline were determined by HS-SPME (Head Space-Solid Phase              
Micro-extraction) on a PDMS fiber (Polydimethylsiloxane) on a Shimadzu 
system with a 60 m x 0.25 mm DB-5MS capillary column. To determine the 
amount of VOCs in the water, an aliquot of the sample was placed in a                
chromatographic vial (the aliquot volume depended on VOC concentration) 
and the final volume was adjusted with deionised water to 9.75 ml. 250 µl of 
methanol was added to improve the dissolution of VOCs. The next steps of 
the analytical procedure were the same as in the determination of VOCs in 
soil. Field measurements of temperature, dissolved oxygen, electrical        
conductivity and pH were done with an EC Professional Plus 1700/1725 from 
YSI (USA), and of oxidation reduction potential with either ORP200 from 
HM Digital (USA) or SenTix ORP electrode from WTW GmbH (Germany). 
The results obtained by soil and groundwater sampling were compared to 
those from the other methods.  
Data treatment and statistics   
Results were mapped using the software program Surfer 10. Contour plots 
were created by interpolation with the Kriging gridding method. The 
relationship between the results from the various methods was quantified by 
the nonparametric Spearman rank correlation. Only results obtained at near-
by sampling point (located within 15 m or less) were compared. The 
concentrations measured in different tree species that had been sampled at 
close-by sampling points were compared by a two-tailed t-test with an error 
probability of 0.05 (α=5 %). 
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Results  
Individual applications 
Tree core sampling. BTEX were measurable in both willow and aspen, 
though in relative low concentrations. The concentration intervals were as 
follows: benzene <QL (0.40 μg/l) – 31.67 μg/l; toluene <QL (0.079 μg/l) – 
86.43 μg/l; ethylbenzene ≤QL (0.079 μg/l) – 37.36 μg/l; m,p-xylene <QL 
(0.16 μg/l) – 47.02 μg/l; and o-xylene <QL (0.39 μg/l) – 18.82 μg/l. Toluene 
was detected in all samples, ethylbenzene and xylenes were detected in most 
of the samples (26 and 24 out of 35 samples, respectively) and benzene in 
some of the samples (8 out of 35 samples). The highest concentrations were 
measured in samples taken at or next to the former fuel station and near the 
east end of the former aircraft engine heating area, see Fig. 2c,d. Samples 
from both tree species were collected and compared at 10 sampling points. 
BTEX were taken up more by willows than by aspen, and the difference in 
uptake was significant for toluene and xylenes (t-test, α = 5%) (Table S2). 
Growth inhibition of trees was observed around the former fuel tanks, a site 
with high subsurface pollution: few trees had remained, and those were small 
and miserable, stunned, and some were withered. Subsurface gasoline can 
lead to growth inhibition (Trapp et al. 2001).  
Soil gas measurements. Concentrations of gases measured as byproducts of 
the natural degradation process in the former fuel station area were            
determined in the range of 1.6-6.6% CH4 (Fig. S2a), 2.5-15.5% CO2 (Fig. 
S2b) and 0.2-2.6 ppm H2S. Oxygen concentrations were in the range of 6.1-
16.8%, i.e. below the O2 concentration of 21% in the ambient air. The      
concentrations of ionizable gases (PID) in the highly polluted areas were    
between 166-1,630 ppm, showing stable readings during the 10 minutes of 
pumping (Fig. 2e). The remaining area was characterized by measured gas 
concentrations in the range of 0.4-6.2 % (CO2), 0-0.7 ppm (H2S) and 11.5-
20.3 % (O2). Methane was found in four profiles with CH4 concentrations of 
0.1-0.6 % (Fig. S2a). The PID index was measured in a range of 1.6-220 
ppm, with a trend of concentrations decreasing during the 10-minutes        
interval. The interpolation plot in Fig. 2e shows the results obtained by the 
soil gas PID measurements. The chemical composition of the soil gas at 
selected sampling points is summarized in Table S3. The data show a 
generally good correlation between the on-site PID measurements and the 
concentrations of VOCs (mainly jet fuel hydrocarbons, C5-C12) measured in 
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the gas phase. The investigated soil gas samples are characterized by 
generally low concentrations of BTEX compounds, although slightly elevated 
concentrations of benzene (0.4 mg/m3), toluene (0.4 mg/m3), ethylbenzene 
(1.0 mg/m3) and xylene (1.5 mg/m3) were evident in samples from the former 
fuel area. These samples also showed high to very high concentrations of jet 
fuel hydrocarbons (C5-C12) between 310 and 2,100 mg/m3. The sample from 
outside the fuel station was characterized by slightly elevated CO2-
concentrations (1.45%), but   generally low concentrations of other VOCs. 
Chlorinated hydrocarbons were not detected in any of the soil gas samples.  
 
Figure 2. Maps of the BTEX contamination at Szprotawa obtained by different sampling 
methods: a) Soil sampling b) Groundwater monitoring c) Tree coring by asps d) Tree 
coring by willows, e) Soil gas measurements and f) MIP/LIF. Dots refer to sampling sites.  
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Direct-push and direct sensing methods. Inside the area of the former gas 
station, MIP signals showed enhanced tailing effects, probably caused by the 
LNAPL (light non-aqueous phase liquid) of kerosine swimming on the top of 
the groundwater. Outside the former fuel station, the MIP profiles displayed a 
normal behavior with a significantly increased ability in terms of vertical  
resolution capacity. LIF proved to be the best choice for delineating free 
phase TPH (total petroleum hydrocarbons, here benzine or kerosine). The LIF 
technology delivered sharp signals and depth reliable detections, and hence 
proved to be an effective method for obtaining a source zone inventory. 
Therefore, LIF results were used for the 3D evaluation of the spatial          
extension of the benzine body in the area of the former fuel station. 2D     
vertical cross sections, horizontal distributions of contamination, lithology, 
and hydraulics were generated. The 3D architecture of the contaminant body 
based on different LIF threshold values is displayed in Figure S1.              
LIF   profiles could be calibrated and validated by lab analytics on total    
petroleum content in soil. LIF total fluorescence proved to match the         
petroleum content of soil samples taken in the area of the former fuel station. 
Based on the    developed relationship, the whole petroleum body still present 
at the site within the former refueling area was estimated to contain about 200 
tons of petroleum within a volume of approximately 80,000 m3.  
Soil and groundwater sampling. Analyses of groundwater and soil samples 
allowed a comparison to the findings from other methods and a quantification 
of the contaminants in the study area. Benzines were found in highest       
concentrations around and at the former fuel station. Benzine concentrations 
were up to 11,145 mg/kg in soil samples, with median at 1,160 mg/kg, and 
thus provided the bulk of pollution. Benzines in groundwater (GW)         
monitoring wells were found in 24.1 mg/l, median at 5.16 mg/l. In GW   
samples, benzines were up to 93 mg/l, median at 7.24 mg/l. The highest   
concentrations of BTEX in soil samples were confirmed for the area of the 
former fuel station, and at GW level. The concentrations ranged between   
70-240 mg BTEX/kg. Elevated levels of BTEX were also measured near the 
former aircraft engine heating area. An interpolation plot based on the results 
obtained by soil sampling 1 m bgl is shown in Fig. 2a. Figure 2b shows the 
results obtained by groundwater measurements. The sum of BTEX in the 
monitoring wells at the former fuel station ranged between 1,200-2,200 g/l. 
Outside the highly polluted areas, BTEX concentrations were measured in a 
range of 0.1-95 g/l.    
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Measurements of the redox potential displayed deeply anaerobic conditions 
of the groundwater in the fuel station hot spot area (redox potential range of -
120 mV, in the remaining area up to +100mV), convergent with the lowest 
dissolved oxygen (DO) readings (4-6 % of saturation, in the remaining areas 
up to 30 % DO) and elevated temperatures (12.0-14.5C, compared to the 
usual 11.0C). This effect was also noticeable in the southern and south-
western part of the aircraft shelters’ area, however, its intensity was lower.  
Summary. The combination and comparison of the results derived with the 
various methods generated knowledge on the site’s contamination status. The 
results are highly reliable and low effort was needed to create the              
information. Notably, it was confirmed by all methods that the area of the 
former fuel station is a highly polluted area. Figure 2 presents the resulting 
spatial patterns of pollution derived by the individual approaches. The first 
impression is that all methods – besides being more or less costly to apply in 
terms of time and materials needed – generate a comparable 2-D pattern of 
the pollution level. The delineation of the polluted area depends of course on 
the location of the sampling points. Hence, the hot-spot near the engine 
heating area in the right upper corner was not detected by all methods.  
Statistical comparison of characterization methods 
Rank correlation analysis was applied to question or to confirm the 
impression of similarity between the results obtained by the different 
methods. Rank correlation was chosen, because it can test the monotone trend 
also of non-equally distributed data, and of data with different units. Both 
tree coring and soil gas measurements were used for rapid initial detection of 
contaminants in the subsurface. A comparison of BTEX in tree cores with the 
concentrations of gases in soil (CH4, CO2, O2, H2S and PID measurement) 
collected at the same sampling points indicates high rank correlations 
between the two methods (Table 1). The correlation is negative for O2. The 
correlations were significant at α = 5% with one exception (tree coring aspen 
with PID).  
Table 2 presents the Spearman rank correlation coefficients between analysis 
results for sum of BTEX in samples from groundwater monitoring wells or 
groundwater samples (taken with direct-push), and in tree cores and in soil 
gas (by MIP and LIF). All correlations between BTEX in groundwater     
monitoring samples with that in tree cores, and with those from soil gas PID 
and MIP were significant at α = 5%. The correlations to BTEX obtained by 
groundwater sampling were positive, but below the significance level. The 
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correlation between the sum of BTEX in soil samples and in tree cores was 
positive and significant at α = 5%, while no significant correlation was found 
for PID in soil gas measurements. The rank correlation coefficients for the 
individual compounds in tree cores are reported in Table S4. Correlations to 
concentrations in tree cores of individual compounds are higher for results 
from groundwater monitoring than for results from groundwater sampling 
with DP.  
 
Table 1. Rank correlation between the sum of BTEX measured in tree core samples of 
willows and aspen and soil gas measurements; n=8. Bold indicates significant correlation 
at α = 5%. 
Soil gas measurement 
Tree core sampling 
Willow Asp 
CH4 [%]  0.734 0.609 
CO2 [%] 0.857 0.889 
O2 [%] -0.905 -0.760 
H2S [ppm] 0.734 0.916 
PID after 5' of pumping [ppm] 0.889 0.320 
 
 
Table 2. Rank correlation between groundwater monitoring, groundwater and soil 
sampling and screening methods for sum of BTEX. Bold means significant rank 
correlation at = 5 %. Bold and italic means significant rank correlation at α = 10%. 
 
 
Tree core  
sampling 
Soil gas  
measurement 
MIP LIF 
  PID after 5' of pumping Max PID Max fluorescence
Groundwater  
monitoring  
n=6 n=18 n=9 n=2 
BTEX - sum  0.7714 0.6987 0.8333 too few data 
Groundwater  
sampling  
n=5 n=17 n=2 n=7 
BTEX - sum  0.5000 0.2219 too few data 0.000 
Soil sampling  n=14 n=6   
BTEX - sum  0.6748 -0.200   
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Discussion 
The pre-screening methods applied in this study are cost-efficient            
semi-quantitative site characterization approaches. Additionally, both tree 
core and soil gas sampling are fast and low-invasive techniques. Tree coring 
allows two persons to obtain 50 samples per day in case of optimum site   
conditions. Both tree core and soil gas sampling have been successfully    
applied for the discovery and delineation of subsurface benzine and BTEX 
spills. In general, data from tree coring and soil gas surveys can be used to 
gain and increase knowledge of the nature and extent of contamination at a 
site, as well as to guide the placement of high resolution sensors or other, far 
more expensive quantitative measures such as groundwater wells.  
Statistical comparison. A normal distribution is unusual for concentration 
data derived from contaminated sites: Consistently, high concentrations are 
found inside the polluted areas, whereas outside concentrations will typically 
be very low, thus creating skewed (non-normal) distributions of data 
(Wahyudi et al. 2012). Indeed, for most data used in this study, the mean is 
higher or even far higher than the median, confirming skewed distributions 
(Table S5). Methods using rank statistics have been suggested to overcome 
this problem (Wahyudi et al. 2012). Hence, rank correlation is to be preferred 
over Pearson correlation (Hauke and Kossowski 2011). Our results indicate 
that a significant rank correlation between the various site inspection methods 
is not always found for the Szprotawa data set. Possible reasons may include 
the semi-quantitative character of some of the methods or the fact that the 
methods are based on different sampling techniques. However, the most   
likely reason is assumed to be related to the different sampling depths and 
locations. We also included results from zero-samples into the correlation 
analysis, i.e. samples in which no compound was detected in the sample even 
though the compound could have been measured by the quantitative methods, 
which substantially affected the statistical outcome in a negative way. A low 
and insignificant cross-covariance and lacking spatial correlation between 
tree core sampling and groundwater monitoring was observed by Wahyudi et 
al. (2012) at another site. The reason for such a low correlation is not only 
due to the high variability of the results obtained from the tree core samples. 
Groundwater monitoring typically has a small sample grid and sample      
volume and thus may fail to yield positive contaminant findings, where trees, 
due to the large underlying root zone volume and the high sample density, 
indicate pollution. At that site, the tree core analysis was capable to indicate 
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the plume distribution, allowed to detect hot spots (Larsen et al. 2008) and 
was even leading to the discovery of a new, beforehand undetected plume 
(Wittlingerova et al. 2013). The advantage of a high sampling size that can be 
obtained with little effort also holds true for soil gas measurements, and    
although to a lesser degree, also for the direct-push methods.  
Identification of hot spot areas. Even though a significant rank-correlation 
was not always found between the different investigation methods, the      
interpolation plots show (Fig. 2a-f) that all pre-screening methods allowed 
the identification of the most polluted area, which is the former fuel station. 
Even the measurement of methane CH4 and/or oxygen O2 in soil gas already 
indicated areas with high subsurface activity and thus an increased likelihood 
of pollution (Fig. S 2ab).  
A multiple pre-screening approach compared to the conventional approach. 
A conventional screening approach based upon (available) historical data 
helps to gain information about selected areas. Groundwater                    
sampling/monitoring and/or soil sampling with a limited budget leads to a 
wide sampling grid resulting in sparse data. This entails an enhanced risk of 
overlooking single hot spots or even high risk areas, which in consequence 
can make decision-making risky and difficult (Wycisk et al. 2013, Rein et al. 
2011). In contrast, the application of multiple pre-screening steps results in 
more data which will be more targeted as well. This minimizes the risk of 
missing single hot spots / high risk areas without increasing the financial   
burden. In this study, results obtained by tree coring indicated a second area 
of high contamination levels: the aircraft engine heating area. The            
contamination in that area was then confirmed by additional soil sampling. 
This area would have remained undetected in a conventional screening      
approach based on historical data as no such data pointed to this area. No 
groundwater and soil samples would have been taken due to the lack of an 
historical indication and given limited budgets for a complete dense field   
investigation. This emphasizes the advantage of applying at least one of the 
inexpensive pre-screening methods that are able to cover wide areas with  
reasonable efforts.  
We therefore advise that an efficient strategic approach to a successful site 
characterization should start with methods that imply the lowest (application) 
costs before using more precise and expensive methods in the pre-identified 
(highly) polluted areas or areas of highest concern. Tree core sampling and 
soil gas measuring are rapid and inexpensive methods, which can be applied 
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as initial pre-screening methods all over an entire study area as long as the 
conditions at the test site allow their application. Based on the results        
obtained by these two pre-screening methods, MIP and/or LIF technologies 
can then be applied in selected areas for which vertical data are of interest or 
needed. Soil and/or groundwater sampling with chemical analysis should be 
applied as last step to confirm an identified contamination and to quantify the 
contaminant levels. Figure 3 illustrates the conventional screening approach 
opposed to an approach applying step-wise multiple pre-screening methods.  
 
 
Figure 3. Combination of site investigation approaches. top left: Traditional screening; top 
right: Step wise multi-screening; bottom: Indication of potential risk area overseen by the 
traditional screening approach but located by the step wise multi-screening approach.  
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Site characterization and remediation strategy. Site characterization is not 
only a matter of localization and quantification of a suspected pollution. Site 
characterization can also provide valuable data for the design of further      
remediation approaches and thus save efforts and money (Kästner et al. 
2012). From tree coring, the feasibility of phytoremediation at the actual site 
can be estimated by upscaling the processes and fluxes with mathematical 
models (Trapp et al. 2014). Soil gas measurements of methane and carbon 
dioxide also provide quick information concerning ongoing natural           
degradation processes. In the absence of oxygen, organic pollutants in the 
subsurface are converted to methane by microorganisms through the process 
of methanogenesis. Through the influx of atmospheric oxygen methane is 
subsequently degraded to carbon dioxide (e.g. Rettenberger 1995). At the 
Szprotawa site, this process has resulted in a typical zonation pattern:       
Methane is concentrated in the hot spot areas and in the depth, and it is      
surrounded by a halo of increased carbon dioxide concentration. Soil gas 
measurements are only feasible when sufficient gas can be extracted from 
soil. The applicability of this screening method is directly related to the     
feasibility of the air sparging remediation method. With this method, also 
known as in-situ air stripping, air is injected into the subsurface to extract 
hydrocarbons via the vapor phase. The direct-push sensors (e.g. MIP and 
LIF) give in-situ vertical information about the contamination levels, but also 
about the hydraulic and geological properties of the underground              
(Leven-Pfister et al. in Kästner et al. 2012). Based on the findings of the 
screening methods reported in this paper, in a next step remediation scenarios 
were evaluated for the Szprotawa site, which will be reported in Clausen et 
al. (2015). 
Limitations. The step-wise multiple screening approach shown in Fig. 3    
cannot always be applied in full scale, due to properties of the site.           
Limitations are the absence of trees (tree coring impossible), high       
groundwater levels (application of soil gas measurements limited), rocky soil 
(application of direct-push sensors limited) or hazardous subsurface due to 
former land use, e.g., explosives as in the case of Szprotawa (direct-push 
methods limited). Another limited field of application for tree core sampling 
and soil gas measurements are pollutions located in great depths, i.e. beyond 
the range of tree roots and too deep to affect the shallow soil gas zone      
(typical for dense non-aqueous phase liquids (DNAPL) such as chlorinated 
solvents). However, the depth range of phytoscreening goes beyond the root 
zone. Chlorinated solvents from groundwater in a depth of 12.5 m – 19 m bgl 
III - 19 
were already detected in the tree cores (Sorek 2008). Own observations     
(unpublished, obtained during the study of Larsen et al. 2008) include     
TCE-signals in wood from TCE spills in groundwater more than 30 m bgl, 
even though the average maximum rooting depth of coniferous and deciduous 
trees in temperate zones is only 3.9 m and 2.9 m (Canadell et al. 1996). 
 
Conclusions  
We applied and compared a sequence of site characterization methods for a 
former Soviet military airbase, where fuel contamination was expected to be 
found in shallow groundwater and subsoil. The methods applied and       
compared included phytoscreening by tree coring, soil gas measurements for 
CO2, CH4, O2 and PID, the direct-push sensors MIP and LIF, direct-push 
sampling, sampling from soil and from groundwater monitoring. The rapid 
and inexpensive pre-screening methods of phytoscreening and soil gas   
measurements both indicated subsurface pollution and hot spots and are    
considered successful in this case. Also BTEX were found by applying these 
methods. Trichloroethylene (TCE) and methyl tert.-butyl ether (MTBE), 
which were also analyzed in wood, were not detected and were not present in 
other samples either (true negatives). The application of direct-push sensors 
(MIP and LIF) yielded 3-D information about the extension and the volume 
of the subsurface plume. The LIF sensor calibrated for kerosine gave sharp 
signals for the delineation of the free phase TPH (here: kerosine).     
Groundwater levels, hydraulic characteristics and soil texture properties were 
also determined with direct-push. The comparison of the results from       
conventional soil and groundwater sampling (from wells) with those of the 
chemical analysis confirmed the results of the pre-screening and direct-push 
methods: at the site, jet fuel (benzines, light alkanes) and BTEX were present 
in groundwater and soil (2 m bgl), partly in high concentrations. In this study, 
we expanded the applicability of tree coring to BTEX compounds and tested 
the use of high-resolution direct-push sensors. This way we gained            
experience that increases the trust in the applicability and the reliability of 
these new methods for megasite investigation.  
Besides site characterization, the goal of the study was to optimize the       
interplay between new rapid screening methods and conventional site     
characterization methods. It can be confirmed that a large-scale application of 
non- or low-invasive pre-screening can help in directing and focusing the 
subsequent, more precise but also more expensive methods. The application 
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of rapid pre-screening also led to the identification of an unexpected,        
beforehand undetected polluted area (the engine heating station) far away 
from the expected hot spot area (the fuel station). Such areas may remain   
undetected without the application of an extensive, large-scale pre-screening 
(due to time and budget constraints), leading to a sub-optimal and risky     
decision about site management. Moreover, the rapid pre-screening methods 
also yielded useful information about potential remediation methods. Tree 
coring can indicate the efficiency of phytoremediation (concerning both    
phytoextraction and root zone remediation). Soil gas measurements show   
ongoing natural attenuation (via formation of methane and other by-products) 
and indicate the feasibility of air sparging and bioventing. Direct-push    
methods yield additional information relevant for remediation, such as 
groundwater level, volume of contamination and subsurface properties.  
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Figures 
 
 
Figure S1. Spatial distribution of NAPL within the area of the former fuel station derived 
from LIF sensing. 
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Figure S2a. Result of soil gas measurements for methane CH4.  
 
 
Figure S2b. Result of soil gas measurements for carbon dioxide CO2.  
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Tables 
 
Table S1. Standards for soil quality defined in the Polish law for specific land use 
functions 
Type of land use  
Depth BTEX Benzines (C6-C12) 
[m bgl] [mg/kg d.m.] [mg/kg d.m.] 
C group  
Industrial use/ production  
related services 
0-2 200 500 
2-15 10 50 
B group 
Agricultural and forestry,  
urbanized/ housing areas, 
commercial services 
0-0.3 0.1 1 
0.3-15 1 5 
A group 
Areas subjected to protection 
under the regulations of Nature 
Conservation 
no specfied 0.1 1 
 
 
Table S2. Species-differences in uptake of BTEX by willow and aspen. 
Benzene Toluene Ethylbenzene o-xylene m,p-xylene 
Sample ID Asp Willow Asp Willow Asp Willow Asp Willow Asp Willow 
2.2 0.00 0.00 1.65 17.2 0.00 0.32 0.00 0.64 0.32 0.31 
2 0.00 0.00 1.02 13.0 0.00 0.00 0.20 0.00 0.08 0.00 
4 0.00 17.4 8.96 26.4 0.04 7.21 0.18 0.98 0.28 13.7 
5 0.00 0.00 1.45 1.07 0.09 0.00 0.00 0.00 0.00 0.00 
11 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 
12 0.00 0.00 0.18 0.06 0.02 0.00 0.00 0.00 0.08 0.00 
13 0.00 0.00 0.66 2.90 0.01 0.01 0.00 0.20 0.08 0.00 
17 0.00 0.47 2.93 14.7 0.77 3.99 0.52 3.58 0.85 15.4 
18 0.67 10.5 11.2 37.1 0.08 0.29 0.34 1.31 0.43 1.34 
19 0.00 1.46 11.8 26.0 0.32 4.28 0.25 4.61 0.40 11.9 
F-test 0.00 0.01 0.00 0.00 0.00 
T-test 0.16 0.04 0.11 0.08 0.04 
Significant difference 
among the species 
No Yes No Yes Yes 
Rank correlation coefficient 0.471 0.903 0.487 0.781 0.751 
Significant (5%) No Yes No Yes Yes 
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Table S3. Laboratory data of soil gas at selected sampling points. 
Compound 
Sampling Point  
P2 P21 P85  
CH4 [%] 2.8 0.0 0.7 
Fi
el
d 
va
lu
es
 
CO2 [%] 5.5 1.45 15.5 
O2 [%] 12.3 19.7 5.1 
PID [ppm] 365 29.7 1355 
Sum chlorinated HC 
[mg/m3] n.d. n.d. n.d. 
La
bo
ra
to
ry
. v
al
ue
s 
Hydrocarbons C5-C12 
[mg/m3] 310 <5.0 2100 
Benzene [mg/m3] <0.2 0.2 0.4 
Toluene [mg/m3] 0.4 <0.2 <0.2 
Ethylbenzene [mg/m3] 1.0 <0.1 <0.1 
Xylene [mg/m3] 1.5 <0.2 0.4 
 
 
Table S4. Rank correlation between screening measurements for BTEX and single 
compounds. Bold = Significant rank correlation at = 5 %. Bold and Italic Significant rank 
correlation at α = 10%. 
 
 
Tree core sampling  
Groundwater monitoring [ug/L] n=6  
BTEX  - sum  0.7714  
Benzene  0.4472  
Toluene  0.3714  
Ethyl benzene  0.7201  
Xylene  0.8452  
Groundwater sampling  [μg/L] n=5  
BTEX  - sum  0.5000  
Benzene  -0.1768  
Toluene  0.5000  
Ethyl benzene  0.1000  
Xylene  0.4000  
Soil sampling [mg/kg dw] n=14  
BTEX  - sum  0.6748  
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Table S5. Maximum, mean and median of all results obtained. 
Soil gas analysis max mean median 
Temp. [°C] 27.0 19.2 20.0 
CH4 [%] 6.60 0.30 0.00 
CO2 [%] 15.5 2.44 1.45 
O2 [%] 20.7 17.8 19.5 
H2S [ppm] 2.80 0.25 0.10 
Free air measurement 5.70 0.78 0.40 
PID after 30'' of pumping [ppm] 1455 136 74 
PID after 1' of pumping [ppm] 1569 116 54 
PID after 2' of pumping [ppm] 1632 101 30 
PID after 3' of pumping [ppm] 1601 94 23 
PID after 5' of pumping [ppm] 1513 87 18 
PID after 7' of pumping [ppm] 1429 82 14 
PID after 10' of pumping [ppm] 1355 79 13 
SA Date 41171 41137 41165 
SA Time 0.81 0.58 0.59 
Depth [m] 2.00 1.97 2.00 
GW-Level [m] 1.90 1.83 1.90 
GW monitoring max mean median 
BTEX  - sum [ug/l] (nov-2011) 2201 639 532 
benzene [ug/l] (nov-2011) 28.3 4.9 1.2 
toluene [ug/l] (nov-2011) 48.6 21.6 23.5 
ethylbenzene [ug/l] (nov-2011) 549 141 76 
xylene [ug/l] (nov-2011) 1614 471 437 
BTEX  - sum [ug/l] (may-2012) 1347 483 312 
benzene [ug/l] (may-2012) 18.1 3.5 0.6 
toluene [ug/l] (may-2012) 80.2 23.2 6.5 
etylobenzene [ug/l] (may-2012) 448 118 44 
xylene [ug/l] (may-2012) 1021 338 238 
benzines (may-2012) 24086 9614 5155 
BTEX  - sum [ug/l]  (sept-2012) 1423 267 30 
benzene [ug/l]  (sept-2012) 19.1 3.5 0.5 
toluene [ug/l]  (sept-2012) 22.9 9.5 9.8 
etylobenzene [ug/l]  (sept-2012) 506 85 17 
xylene [ug/l]  (sept-2012) 907 187 18 
benzines [ug/l]  (sept-2012) 17812 7054 7136 
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GW sampling max mean median 
BTEX  - sum [ug/l]  
(GWS nov2011_1.9-2.9 m) 4711 2733 2143 
benzene [ug/l] (GWS nov2011_1.9-2.9 m) 57 34 43 
toluene [ug/l] (GWS nov2011_1.9-2.9 m) 99 24 11 
etylbenzene [ug/l] (GWS nov2011_1.9-2.9 m) 1450 818 734 
xylene [ug/l] (GWS nov2011_1.9-2.9 m) 3211 1856 1383 
BTEX  - sum [ug/l] (GWS nov2011_5-6 m) 1826 1173 1179 
benzene [ug/l] (GWS nov2011_5-6 m) 294 125 46 
toluene [ug/l] (GWS nov2011_5-6 m) 12.3 6.8 7.6 
etylbenzene [ug/l] (GWS nov2011_5-6 m) 562 410 538 
xylene [ug/l] (GWS nov2011_5-6 m) 959 650 614 
BTEX  - sum [ug/l]  (GWS sept2012) 4794 1009 159 
benzene [ug/l] (GWS sept2012) 74 31 10 
toluene [ug/l] (GWS sept2012) 224 33 19 
etylbenzene [ug/l] (GWS sept2012) 1626 293 28 
xylene [ug/l] (GWS sept2012) 3089 652 120 
benzines  [ug/l]  (GWS sept2012) 93010 20499 7235 
Soil sampling  (mg/kg dm) max mean median 
Soil (GW level) benzene  1.70 0.26 0.06 
Soil (GW level) toluene  10.5 1.91 0.82 
Soil (GW level) ethylbenzene  79 14 3 
Soil (GW level) xylene  160 39 34 
Soil (GW level)  sum BTEX  240 55 41 
Soil (GW level) benzines  11145 2310 1160 
Soil Benzines 1.05 1.05 1.05 
Soil sum BTEX in 1 m depth 4.32 2.27 2.27 
Soil benzines in 1 m depth 115 11.9 6.19 
Tree core (µg/core) max mean median 
Benzene 31.7 4.7 0.7 
Toluene  86.4 9.5 2.7 
Ethylbenzene 37.4 2.7 0.3 
m,p-xylene  47.0 5.1 0.7 
TCS o-xylene  18.8 2.3 0.7 
Naphthalene 2.1 0.8 0.4 
MTBE 0.0 0.0 0.0 
TCE 0.0 0.0 0.0 
  max mean median 
MIP MIP depths (m bgl) 5.79 2.72 2.70 
MIP MIP max (PID in mV) 3588 1331 878 
LIF UVOST depths (m bgl) 2.82 2.33 2.25 
LIF UVOST max (Fluorescence in %) 147 64 70 
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Abstract 
Many potentially contaminated sites need to be investigated which can be 
time-consuming, expensive and involves some uncertainty when based on 
conventional investigation methods alone. More effective site investigation 
can be achieved when applying preliminary screening methods such as soil 
gas sampling. An alternative or supplement to soil gas sampling can be tree 
coring which is a fast, simple and low-cost method. In this study, the 
feasibility of tree coring as a preliminary screening method for chlorinated 
solvents in different soils was compared to soil gas sampling in two field 
studies. In a first campaign, tree cores were sampled and analysed. Results 
were compared with previous data obtained by soil gas and groundwater 
sampling. In a second campaign tree cores, soil gas and groundwater were 
sampled simultaneously and analysed for comparison. Tree coring proved to 
be (1) useful as a screening tool to locate hot spots of chlorinated solvents in  
various soils and depths, (2) a good, fast and economical alternative or 
supplement to soil gas sampling as a screening method for vadose zone and 
shallow groundwater contamination over large areas, and (3) superior to soil 
gas in low permeable soils. Moreover, a combination of the two methods to 
focus subsequent invasive methods can give a higher certainty without 
considerable cost elevation.  
 
Introduction  
To date the estimated number of potentially contaminated sites across Europe 
is 2.5 million, of which 1.17 million were already identified. 340,000 of the 
sites are expected to be contaminated and may require remediation 
(Liedekerke et al. 2014). This indicates that many sites in Europe are still in 
need of investigation. A standardized approach for site investigation 
involving three main steps was developed and is internationally well 
recognised (Lamé 2011). In phase one data collection is carried out to 
provide factual knowledge about activities at the site or area which may have 
been the source of soil contamination (Danish EPA 2009; ICCS 2007). If it is 
assessed that the area is potentially contaminated, preliminary site 
investigations follow. The purpose of such investigations is to provide 
knowledge about the soil contamination in order to determine if the 
contamination poses a risk for human health or the environment (Overheu et 
al. 2014; Danish EPA 2009). If contamination is detected, there follows 
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detailed site investigation for risk assessment, by which options for site 
remediation and their further use can be determined (ICCS 2007). Today, 
conventional investigation methods include quantitative analysis of 
groundwater and/or soil samples by drilling and well installation (Döberl et al. 
2012).  
The management costs of contaminated sites are high and the available 
resources relatively limited compared to the large number of potentially 
contaminated sites. In average, based on European numbers, up to about 15% 
of the contaminated site budget is spent on site investigations and 81% on 
remediation. 60.3% of the site investigations cost between 5000 € and 50 000 
€ and 42% of the total expenditure comes from public budgets (Liedekerke et 
al. 2014). To meet the challenge of the many potentially contaminated sites 
and the limited budgets for site investigations, more effective site 
investigations are needed. Applying fast, simple and economical preliminary 
screening methods is an opportunity to obtain more effective site 
investigations (Algreen et al. 2015; Döberl et al. 2012; Rein et al. 2011). 
One well-established preliminary site investigation method is soil gas 
sampling (Rivett 1995; Bishop et al. 1990). Soil gas sampling is 
commercially applied as a cost-effective method for locating and delineating 
volatile contaminants in the unsaturated zone Figure 1, (ICCS 2001). In some 
countries (e.g. Denmark) the use of soil gas sampling has been incorporated 
into the regional guidelines for site investigations (ICCS 2007; 1999). Soil 
gas sampling collects gas from the soil matrix and pores from a relatively 
small area dependent on the air volume pumped and the soil porosity. 
Different standard practices for soil gas sampling have previously been 
published (ASTM international 2012; ICCS 1998). The feasibility of soil gas 
sampling is mainly dependent on geological conditions and the properties of 
the contaminants. The method is most useful in high permeable zones and for 
compounds with low boiling points, high Henry's law coefficients and low 
adsorption to the soil matrix (ICCS 1998), i.e. volatile organic compounds 
(VOCs).  
Phytoscreening by tree coring is here suggested as an alternative or 
complimentary method to soil gas sampling for preliminary site vestigations 
of the subsurface. Phytoscreening is based on the fact that nutrients and water 
from the soil matrix are taken up by the root systems of the plant, which may 
also allow contaminants to enter the roots (Struckhoff et al. 2005; Burken and 
Schnoor 1998). Thereafter, the contaminants can be translocated by the 
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transpiration stream to plant tissue above ground where they can be 
transpired, absorbed or degraded with respect to the physical-chemical 
properties of the compounds and the plant species (Trapp et al. 2001; Orchard 
et al. 2000; Burken and Schnoor 1998).  
A variety of plants, plant species and plant parts can be sampled and used as 
bio-indicators (Algreen et al. 2012; Stefanov et al. 2012; Gopalakrishnan et 
al. 2007). Wood from trees is preferred over smaller plants since wood is 
available all year round, Figure 1. The use of wood from the stem of trees as 
a bio-indicator for subsurface contamination is termed tree coring. A tree 
core will represent a large but relatively undefined soil volume due to the 
large root system and thereby a large capture zone. The roots can reach down 
even to the upper groundwater and thus also reflect groundwater 
contamination (Sorek et al. 2008; Vroblesky et al. 2004). The extent of the 
root spread varies among species, soil properties and climate, although the 
lateral extend is mostly reported to be 10-20 m in radius (Stone and Kalisz 
1991). The average maximum rooting depth in the temperate zone for a 
deciduous forest is approximately 2.9 m bgs and, 3.9 m bgs for coniferous 
forest (Canadell et al. 1996). However, contamination in groundwater as deep 
as 19 m bgs has been detected by tree coring (Sorek et al. 2008).  
 
 
Figure 1: Conceptual model of tree coring and soil gas sampling including an indication of 
the capture zone for each method. 
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Tree coring is still a new technique; nevertheless the method was successfully 
applied at many sites over the past decades to locate subsurface 
contamination by chlorinated solvents (Limmer et al. 2011; Sorek 2008; 
Larsen et al. 2008; Vroblesky et al. 2004 and 1999). Lately, the method has 
also been used to test for heavy metals (Algreen et al. 2014 and 2012) and 
BTEX compounds (Algreen et al. 2015; Wilson et al. 2013) with some degree 
of success. However, although the method has shown promising results for 
chlorinated solvents and guidelines have been published (Algreen and Trapp 
2014; Trapp et al. 2012; Holm et al. 2011; Vroblesky 2008), tree coring has 
in general not yet been implemented commercially for preliminary site 
investigation. The limited commercial application and acceptance of tree 
coring might be due to the lack of knowledge about the method (application 
opportunity, pros and cons) and the fact that users are more familiar with soil 
gas sampling. Furthermore, the method has not yet been incorporated into the 
national and regional guidelines for site investigations, contrary to soil gas 
sampling. 
The scope of this study is to compare tree coring and soil gas sampling to 
evaluate the feasibility and the applicability of tree coring as an preliminary 
screening method for the location of hot spots with chlorinated solvents in the 
subsurface. The goal was to clarify when and where tree coring can be an 
alternative or supplement to soil gas sampling. Site investigations were 
carried out in two forested study areas contaminated with PCE 
(tetrachloroethylene) or TCE (trichloroethylene) as the main contaminants. In 
these study areas it was possible to compare 1) the application and results 
obtained by tree coring and soil gas sampling, 2) the precision of the methods 
and 3) the costs associated with the application of the methods. 
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Test sites 
Field sampling was performed at two test sites located in Denmark.   
Platanvej in Nykøbing Falster, Denmark, is a site where a factory producing 
storage furniture is located, Figure 2A. The factory used TCE for degreasing 
metal in their production from 1967 until 1980, after which it was phased out.  
In 2006, contamination with TCE above the Danish legal standards (5 mg/kg 
in soil, 1 µg/L in groundwater (Danish EPA 2014)), was detected and 
additional site investigations followed (Niras 2011). In this study the focus 
was on a forested area where soil gas from 26 sampling points and water 
from two groundwater wells had been measured, Figure 2B (Niras 2011; DGI 
2007). One hot spot with a maximal concentration of 110 mg/m3 (sampling 
point SG21, Figure 2, 3) and indications of a second area with 1.4 mg/m3 
(sampling point SG1, Figure 2, 3) were identified by soil gas 0.8 m bgs in 
2007. Concentrations in groundwater varied over depth and year of sampling, 
see Figure 3. Approximately 100 m north of the study area, remedial 
pumping was initiated in October 2009 and 3 kg chlorinated solvents is 
removed with the abstracted water annually,  leading to decreasing TCE 
concentrations in the northern part of the study area (Niras 2012). No further 
remediation has taken place at the test site. A soil profile (taken at sampling 
point WN, Figure 2B) indicates varying layers of sand, silt, gravel, clay till, 
and clay down to 9 m bgs, below which the soil mainly consists of limestone. 
The groundwater level is located approximately 4.5 m bgs. (Niras 2011).  
Grindsted is an urban area in Jutland, Denmark, Figure 2C. On a factory 
north-east from the test site large amounts of chemicals, including chlorinated 
solvents, have been used since 1914. This has caused downstream ground-
water contamination that spreads through an urban area and down to 
Grindsted Lake (Cowi 2011). An extensive site investigation was carried out 
in 2010 and contamination with PCE from a second unknown source was 
detected in a forested area. This particular forested area was in focus during 
this study. Samples from 14 soil gas sampling points and three groundwater 
wells had been taken, Figure 2D. The maximal concentration was detected in 
the centre of the forested area with 3.21 mg/m3 in the soil gas approximately 
1.5 m bgs and 0.51 mg/L 2-4 m bgs in groundwater (sampling point 317d, 
Figure 2,3) (Cowi 2011). No remediation has taken place at the Grindsted 
study area. Soil profiles (sampling points W96, W316b, W317d, Figure 2D) 
down to 4 m bgs showed sandy soil (Cowi 2011). The groundwater table is 
located 2.7 m bgs.   
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Figure 2: Maps of test sites (A= Platanvej, C=Grindsted) and study areas (B=Platanvej, 
D=Grindsted) with indication of previous sampling points by soil gas (SG#) and 
groundwater sampling (W#) (Niras 2011; DGI 2007; Cowi 2011 ). 
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Materials and Methods 
Sampling 
Sampling was performed in two campaigns. During the first campaign tree 
cores were collected from both Platanvej and Grindsted to test the feasibility 
of tree coring for localisation of hot spots at the specific test sites. A second 
campaign with simultaneous sampling of tree cores, soil gas and groundwater 
took place in Grindsted to compare the methods and to test the precision of 
the methods. Sampled tree species were beech (Fagus sylvatica), oak 
(Quercus robur), pine (Pinus sylvestris) and maple (Acer sp.). 
The first sampling campaign was performed on the 3rd and 4th October 2013. 
Trees were located within 3 m from the previous sampling points of soil gas 
sampling, Figure 2B, 2D (Niras 2011; Cowi 2011; DGE 2007). 24 and 14 
trees were sampled at Platanvej and Grindsted, respectively. The sampling 
procedure was carried out  according to published guidelines (Algreen and 
Trapp 2014), in brief: two replicates were taken from each tree at a stem 
height of 1 m using a 6 mm increment borer (Suunto, Finland). The borer was 
drilled approximately 6 cm into the stem and the tree core extracted. The bark 
was discarded to avoid atmospheric influence and the remaining core was 
collected in analytical vials (20 ml) prepared with 4 ml water. Then, 0.5 ml 
internal standard (aqueous chloroform solution) was added and the vials were 
immediately closed to avoid volatilization of compounds. The samples were 
protected against sunlight and cooled until chemical analysis to avoid 
degradation of the compounds. During sampling, the average outdoor 
temperature was 9-10°C, the average air pressure was 1020-1025 hPa (DMI 
2014) and no precipitation occurred on the sampling day.  
The second sampling campaign was performed on the 4th November 2014. 
Sampling was performed at point W96/SG97, W316b/SG316b and 
W317d/SG317d, which were selected based on the location of already 
established water wells, Figure 2D. Sampling with each method was 
conducted within 3 m from each other, with exemption of TC97 which was 
the closest possible tree at a distance of approximately 10 m from SG97 and 
W96. Tree cores were collected as in the first sampling campaign, but in 
triplicates around the trees. Soil gas sampling was performed by use of an 
aluminium probe (6 mm in diameter) manually installed with a hammer into 
the subsurface soil after removal of the top soil by hand. Soil gas was 
collected in triplicates (new probe installation for each sampling) in three 
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different depths; 0.5 m bgs, 1.0 m bgs and 1.5 m bgs. Initially, the probes 
were purged with a syringe (V = 20 ml, 37 ml or 55 ml for the different 
depths (probe lengths)). Afterwards, 420 ml soil gas was collected in ATD 
sampling tubes by the use of SKC-pumps. The tubes were packed with 100 
mg tenax, 40 mg glass wool and 100 mg carbotrap. The flow was measured 
while sampling and never rose above 60 ml per minute. Samples were kept 
cool until later analysis. Groundwater samples were collected after wells had 
been purged with a whale pump placed 1 m below the water table. The flow, 
oxygen concentration, pH, electrical conductivity, redox and temperature 
were monitored. After purging, the pump was placed just above the screen for 
sampling, and the flow was lowered if needed. Groundwater was sampled in 
40 ml vials without headspace and conserved with sulphuric acid 4M. 
Samples were kept cool until later analysis. Seven additional tree core 
samples and seven additional soil gas samples (i.e. 10 of each sample type in 
total) were collected at sampling point 317d (Figure 2D) to test the precision 
of the methods. During sampling, the average temperature was 9-11°C, the 
average air pressure 995 hPa (DMI 2014) and no precipitation occurred on 
the sampling day.  
Chemical analysis 
Tree core samples were analysed for PCE and TCE by HS-GC/MS 
(Headspace-Gas Chromatography / Mass Spectrometry) on an Agilent 7980 
gas chromatograph system equipped with a Agilent 5975C electron impact 
(70 eV) triple-axis mass-selective detector. Samples were incubated on a 
rotary shaker at 250 rpm 85ºC for 5 min. and 2 ml injected in split less mode 
at 80°C. Chromatographic separation was achieved on a 30 m x 0.32 mm I.D 
x 20.00 µm film thickness HP-PLOT/Q capillary column. The initial column 
temperature was set to 40°C for 4 min. then ramped at 35°C per. minute to 
290°C. The final temperature was held for 7 min. and the total run time was 
18.1 min., with Helium (1.6 ml per min) as carrier gas. Concentrations were 
given in µg/L, which corresponds to about 0.133 μg/kg wood when wood 
density is 1 kg/L. Measurements above the detection but below quantification 
limits were adjusted to ½ of the quantification limit.  
Soil gas was analyzed for PCE by ATD-GC/MS (Automated Thermal 
Desorber- Gas Chromatography/Mass Spectrometry). The system consist of a 
Perkin-Elmer Turbomatrix with autosampler, an Agilent 6890 gas 
chromatograph and an Agilent 5973 Mass Selective Detector. 
Chromatographic separation is achieved on 30 m x 0.25 mm I.D x 20.00 µm 
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film thickness Zebron ZB-624 capillary column. Operation parameters were; 
column flow: 0.9 ml/min, system pressure: 6.9 psi, desorp flow: 30 ml/min., 
desorp time: 7 min., purge time: 1 min., trap hold: 5 min., total run time: 30 
min., valves temp: 200°C, tube temp: 225°C, trap temp: 225°C, transfer line 
temp: 200°C. The temperature program started at 45°C for 3 min., and then 
the temperature increased at 15°C/min. until it reached 225°C, where it was 
then held for 2 minutes.  
Groundwater was  analysed by extracting 4 ml sample from the 40 ml 
sampling vials and injected into 20 ml sealed analytical vials, acidified with 
0.5 ml 4 % H2SO4 and 0.5 ml internal standard (aqueous chloroform solution) 
added. The analytical procedure followed was as described for tree cores 
above.  
Quantification limits were for first campaign (tree cores) 0.70 µg PCE/L and 
0.31 µg TCE/L. In the second campaign (PCE) were the quantification limits 
2.00 µg /L for tree cores analysis, 0.012 mg/m3 for pore gas analysis and 1.93 
µg PCE/L analysis of groundwater. 
Calculations 
The precision was calculated for tree coring and soil gas sampling by the 
standard deviation based on ten samples from sampling point 317c. For tree 
coring, the samples were collected all around the tree and for soil gas 
measurements samples were taken 0.5 m bgs within 3 m distance. The ten 
samples were analysed in the same analytical sequence successively.   
Costs of each method were divided into: the cost of sampling including 
equipment (borer, pump etc.) and the cost of chemical analysis including 
material (chemicals, sampling vials etc.). The prices also include payment of 
field personnel/ laboratory technician and overhead costs. The prices are 
based on one  day of sampling for each method and on list prices from a 
Danish accredited commercial analysis laboratory and do not include travel 
expenses.  
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Results  
Tree coring results. To investigate the applicability of tree coring as a 
screening tool to locate PCE and TCE hot spots, tree cores from two study 
areas (Platanvej and Grindsted) were collected. Sampling was done in 
approximately three hours per site, and the chemical analyses were completed 
in one day in total. Screening results obtained by tree coring are shown by 
iso-concentrations contours, Figure 3. At Platanvej tree coring identified two 
hot spots around sampling point TC22 and TC1, Figure 3A. South-west of the 
two hot spots, no TCE was measured in the tree cores, even though the 
former soil gas sampling indicated low levels of TCE (DGE 2007). At 
Grindsted a hot spot in the centre of the study area at sampling point TC317c 
and TC317d was detected by tree coring, Figure 3B. Additional tree core 
sampling at Grindsted indicated that the plume drifts south towards the lake 
of Grindsted. North of the hot spot, no PCE was detected by tree coring, even 
though medium to low levels of PCE were detected by previous soil gas 
sampling (Cowi 2011). 
Tree coring results compared to previous screening results. When 
comparing the iso-concentration contours based on tree coring with the plots 
based on results obtained by previous soil gas and groundwater sampling, 
strong agreement between the methods was found, Figure 3.  Tree coring was 
able to locate all hot spots. Due to the different sampling matrixes (i.e. wood, 
pore air, water), unequal capture zones and different years of sampling, some 
variation between the methods is observed. Two noteworthy observations can 
be made. First, more “non-detects” were observed for tree coring compared to 
the previous soil gas measurements. This may indicate that tree coring is less 
sensitive (higher concentration in the subsurface is needed) than soil gas 
sampling. Secondly, at Platanvej two hot spots with relatively similar 
contamination levels were clearly indicated by tree coring and not by soil gas 
sampling, Figure 3A. The contaminated area in the south may have been 
overlooked as a hot spot by soil gas sampling due to the low level compared 
to concentrations measured in the northern hot spot.  
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A. PLATANVEJ    …...   
Tree Coring Soil gas sampling Groundwater sampling 
Year of sampling: 2013 Year of sampling: 2007 Years of sampling: 2007,  2011, 2012 
 
 
  
B. GRINDSTED….. 
Tree Coring Soil gas sampling Groundwater sampling 
Year of sampling: 2013 Year of sampling: 2010 Year of sampling: 2010 
 
 
 
 
 
Figure 3: Site maps showing sampling points and iso-concentration contours of TCE 
(Platanvej) or PCE (Grindsted) obtained by tree coring (µg/L), soil gas sampling (mg/m3) 
and groundwater sampling (µg/L) (Niras 2011, Niras 2012, Cowi 2011, DGE 2007). 
Darkest colour indicates highest measured concentration level and lightest colour lowest 
detectable concentration.  n.d = not detected (<D.L.), <Q.L. = detected but below 
quantification limit. 
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Simultaneous sampling. A second sampling campaign at Grindsted was 
carried out to obtain data by tree coring, soil gas and groundwater sampling 
simultaneously for a better comparison. The measured PCE concentrations 
have been normalized (where 100% represents the maximum concentration 
obtained with each method) and shown in Figure 4. It can be seen that the 
maximum concentrations for each method were found in different sampling 
points. In fact, the lowest values for both tree coring and soil gas were 
obtained for sampling point 96/97 where the maximum groundwater 
concentration was found. In addition, soil gas was sampled in different depths 
to investigate whether tree coring correlates better to one depth than to the 
other. No conclusion about this is possible because the concentrations 
measured in the three depths were very similar in the relatively homogeneous 
sandy soil.  
 
Figure 4: Normalized PCE concentrations obtained during the second sampling campaign 
at Grindsted. Based on simultaneous sampling by tree coring (TC), soil gas sampling (SG) 
in three depths (0.5, 1.0 and 1.5 m bgs) and groundwater sampling (GW). 
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The precision. The precision of tree coring was calculated based on ten 
replicates collected around one tree. The measured concentrations were 
between 20.4 µg/L and 155  µg/L (mean; 79.5 µg/L), giving a relative percent 
difference (RPD) of 52%. For soil gas sampling the measured concentrations 
ranged from 7.90 mg/m3 to 10.1 mg/m3 (mean; 8.99 mg/m3) which gives a 
RPD of 8 %.   
Costs. An estimation of the costs for one day of site screening by tree coring 
or soil gas sampling revealed similar prices, however the number of samples 
obtainable by one day differs, Table 1. The cost of soil gas sampling is 
approximately 2100 euro per day and yields 15 sampling points. Tree coring 
includes sampling of 40 trees and the cost is approximately 1800 euros per 
day. If the same numbers of points are sampled, the price of soil gas sampling 
is twice that of tree coring, see Table 1.    
Table 1: Overview of round off prices for soil gas sampling and tree coring (€).  
Method Sampling Analysis Total 
Soil gas, 15 samples (1 day) 1370 765 2135 
Soil gas, 40 samples 3455 1500 4955 
Tree core, 40 samples (1 day) 540 1290 1830 
Tree core, 15 samples 270 685 955 
 
Discussion  
Both tree coring and soil gas sampling have advantages and limitations which 
should be taken into account along with the purpose of the site investigation 
when selecting screening method. A summary of the two methods’ pros and 
cons is listed in Table SI1. In general, tree coring is a fast, simple and mobile 
(hand drill) method favourable at large sites (Algreen et al. 2015) or at sites 
with problematic subsurface e.g. buried installations or hazards such as 
cables or explosives, because no drilling into the subsurface is needed (Trapp 
et al. 2012). Obviously, tree coring will be limited by the location or lack of 
trees.  Soil gas sampling is well suited at smaller sites and by the relatively 
small and more defined capture zone, the method can be applied in more 
discretized grid (both horizontal and vertical) which is useful for delineation 
of the source or vapor plume. Both methods are semi-quantitative and not 
reproducible because they  are affected by changes in the surroundings. Rapid 
changes such as rain infiltration and changes in the barometric pressure will 
to a higher degree affect the results of soil gas sampling (Mills et al. 2007; 
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Wyatt et al. 1995) compared to tree core sampling because trees accumulate 
contaminants  in the wood over several weeks (Wittlingerova et al. 2013; 
Trapp 2007). Some other major differences between tree coring and soil gas 
sampling have been seen within this study and will be discussed in the 
following.  
Capture zone. As illustrated in Figure 1, the capture zone of tree coring is 
much larger compared to soil gas sampling due to the widespread root 
system. When comparing the results obtained by simultaneous sampling of 
wood, soil gas and groundwater at Grindsted, no correlation between 
concentrations in wood (or soil gas) and groundwater was found, but the 
concentrations in wood were related to the soil gas measurements. This 
indicates that tree coring at Grindsted test site mostly relates to the 
compounds present in the unsaturated zone. A different observation was done 
at Platanvej where contamination in groundwater was clearly detected by tree 
coring and not by soil gas sampling. It can be explained by the trees’ ability 
to take up contaminants from both groundwater/capillary zone, the pore water 
and pore air during transpiration (Struckhoff et al. 2005; Burken and Schnoor 
1998).  The main water supply is taken  from the upper soil layers by their 
lateral roots, but water uptake from groundwater by deep roots (tap or sinker 
roots) can also occur, particularly in dry periods (Smith et al. 1997; Dawson 
and Pate 1996). This study has clearly shown that tree coring can be a useful 
screening tool for contamination in the unsaturated zone as well as in the 
shallow saturated zone depended on the site conditions. This is in accordance 
with previous studies where good correlations between concentrations in 
wood and shallow groundwater (Larsen et al. 2008; Vroblesky et al. 1999) 
and between wood and soil have been found (Struckhoff et al. 2005).    
Soil conditions. Soil gas sampling is challenged by low permeable soil layers 
and is limited to the unsaturated zone which can be critical to the use of the 
method as shown in this study at Platanvej, where a low permeable soil layer 
above the water table is present (Niras 2011). This layer minimizes the 
upward migration of TCE contaminants in the unsaturated zone and limits the 
usefulness of soil gas sampling to detect the underlying groundwater 
contamination. Roots from the trees can penetrate the low permeable soil 
layer (Vroblesky et al. 2004; Canadell et al. 1996), and thereby allow 
contaminant uptake from and below the low permeable layer. This is an 
important advantage of tree coring. 
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Sensitivity and precision. Tree coring has been shown to have a lower 
sensitivity and precision compared to soil gas sampling. The lower sensitivity 
may be due to (1) dilution of the contaminants as the tree’s capture zone is 
much larger than for soil gas sampling (Figure 1), (2) degradation of the 
contaminants in the root zone and in plants (Shang et al. 2001; Newman et al. 
1999) or (3) volatilization of the contaminants from the plant tissue above 
ground (Burken and Schnoor 1999 and 1998). The low precision was 
expected because tree cores taken from different directions around the stem 
are connected to different parts of the root system and therefore represent 
different parts of the subsurface (Limmer et al. 2013; Holm and Rotard 
2011). In addition, small variations among the replicates are related to 
different tree core lengths and water content of the tree core. However, 
neither the low sensitivity nor the low precision has been shown to cause a 
problem when screening for hot spots by tree coring. If tree coring should be 
used for delineation of source areas, vapor or shallow groundwater plumes, 
higher sensitivity and precision could be needed. Limmer and co-workers 
(2011) have demonstrated that SPME-GS/MS can be a more sensitive 
analytical method than HS-GS/MS when analysing tree cores. Other sampling 
technologies such as in plant SPME or passive sampling devices could also 
be applied to increase the sensitivity (Limmer et al. 2014a and 2014b; Shetty 
et al. 2013; Sheehan et al. 2012). Larsen et al. (2008) suggested that the 
precision could be optimized by taking into account the sample mass and the 
water content of the tree core sample. However, the variation in 
concentrations within the trees uptake zone is expected to be greater than the 
variation in tree core weight and water content. 
Compared to other screening methods. The use of tree coring as a screening 
tool for chlorinated solvents has also been compared to other more advanced 
technologies such as direct-push groundwater sampling (Rein et al. 2015) or 
direct-push based Membrane Interface Probing (MIP) (Larsen et al. 2008).  In 
general, strong agreement of results between the methods was found, 
particular in areas with high groundwater contamination at/near the 
groundwater table. The investigations also showed that a high sampling 
density was possible with tree coring due to the low cost, and that the 
method´s applicability in low permeable soils (here wetlands) revealed 
unknown contaminated areas not found by conventional investigations.  
Combination of methods. Because the feasibility of tree coring and soil gas 
sampling differs they will supplement each other very well and can be 
applied according to the site conditions and the purpose of the site 
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investigation. A combination of the two methods, together with other 
screening methods, would be beneficial and provide better site information 
without significant additional costs. Tree coring can be applied initially as a 
preliminary screening method with a high sampling density. Based on the tree 
coring results more invasive methods like soil gas sampling and other direct 
push technologies or, more costly initiatives such as installation of 
groundwater monitoring wells, can be focused. This will make the site 
investigations more efficient and reduce the uncertainties associated to site 
investigations. 
 
Conclusions  
Tree coring was applied in two study areas mainly contaminated with PCE or 
TCE; one with sandy soil and one with low permeable soil layers. Three hot 
spots at the sites were identified by previous soil gas and groundwater 
sampling, with one hot spot located below the water table.  
This study showed that tree coring was very useful to locate hot spots both in 
the unsaturated and the saturated zone. The hot spot in the saturated zone had 
only weakly been detected by soil gas sampling due to a low permeable soil 
layer. Outside the hot spots more “non-detects” were observed for tree coring 
than for soil gas sampling. The precision calculated based on 10 replicates in 
one sampling point was much better for soil gas sampling than for tree 
coring. However, the low precision of tree coring did not significantly affect 
the feasibility of tree coring as a screening tool for hot spots. The use of tree 
coring is more cost efficient than soil gas sampling due to fast field sampling 
and a larger soil volume is investigated by each tree core sample than by each 
soil gas sample.   
From this it can be concluded that tree coring is economical and a useful 
screening tool to locate hot spots of chlorinated solvents in various soils and 
depths. Outside of the hot spots, a risk of false “non-detects” can occur and 
delineation of shallow groundwater plumes by tree coring can be challenged. 
However, the effect and influence of false “non-detects” will be reduced by 
an increased number of sampling points possible due to the low cost of the 
method. A combination of tree coring with soil gas sampling and/or other 
screening methods will yield a higher certainty to site investigations.  
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Table SI1: Overview on the methodologies of tree coring and soil gas sampling as site           
pre-screening methods for contamination with chlorinated solvents. +++ indicates very            
useful/beneficial. – indicates not useful/challenging.  
 
 
Tree 
coring 
(TC) 
Soil gas 
sampling 
(SG) 
Comments 
A
pp
lic
at
io
n 
Useful at large sites 
e.g. brownfield  +++ ++ 
TC is faster, more mobile and by default has a larger 
capture zone than SG 
Useful at small sites  ++ +++ SG can be applied in more discretized grid (both horizontal and vertical) 
Useful for location  
of  
hot spots 
+++ ++ 
TC is good for screening a larger area for possibly 
unknown hot spots; SG is good to further delineate 
contaminant sources at a smaller scale. 
Vapor plume  
delineation  
+ +++ SG is more sensitive than TC 
Sensitivity to the  
soil properties ++ - 
TC can be applied everywhere where trees are 
growing, as long as contamination is not too deep. 
SG cannot be applied in low permeable soils and in 
capillary or saturated zone. 
Restrictions of   
sampling  ++ ++ 
Installing the SG probe can be difficult depending on 
the soil structure e.g. stones, rocks or hard soil 
blocking the probe. For TC trees need to be present 
and the method is not useful indoors.  
Impact on the    
environment/     
surroundings 
+++ ++ 
Only small hand-held equipment is needed for 
sampling. For SG cross-contamination in the soil 
layers due to the drilling can pose a risk.  
Sensitivity of the  
method 
+ ++ 
Lower sensitivity of TC may be due to dilution of the 
contaminants because roots integrate over large 
capture zones, degradation of the contaminants in 
the root zone and in planta or volatilization of the 
contaminants from the plant tissue above ground 
Spatial resolution of 
the method + ++ 
The size of the soil area and the sampling depth can 
be adjusted during SG  
Mobility of the  
method +++ ++ Less equipment is needed for TC 
Applicability at 
problematic 
underground 
+++ - 
Unexplored ordnance, but   
shallow pipes and cables can pose  
problems for SG, but not for TC 
Sa
m
pl
e 
/ A
na
ly
si
s 
Representation of 
large contaminated 
areas 
+++ ++ 
TC usually represents larger areas, SG (depending 
on the geology) usually smaller areas of 
contamination. 
Identification of the 
area represented by 
sampling 
+ +++ 
The area SG represents depends on  
the soil porosity and volume extracted.  
 
Efforts needed for 
chemical analysis + +++ A low DL is needed for TC 
Data treatment     
and interpretation 
++ +++ 
The data treatment is identical for SG and TC. The 
interpretation of data from TC can be more difficult 
due to e.g. the effects of the tree species.  
Level of detail + ++ 
SG can give information in the vertical  
direction 
Potential of false 
negatives - - - 
It can happen that the contaminants in soil or 
groundwater are not accessible for plant uptake or 
soil gas collection 
C
os
ts
 
Sampling +++ + Tree coring can be done very rapidly 
Analysis ++ +++ Similar 
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Abstract 
Polycyclic aromatic hydrocarbons (PAHs) are introduced to urban soils by 
atmospheric deposition of pyrogenic particles, like soot. This calls for      
studying the exposure from soot-bound PAHs to plants, although the         
assessment of the actual exposure will be complicated by strong sorption of 
PAHs to the soot matrix. Plant uptake of PAHs by radish was studied in soils 
amended with, and without soot. Part of the added soot had been pre-treated 
by 10 month incubation in contaminant traps to isolate desorption resistant 
PAHs. Measured PAH concentrations in radishes were low and decreased 
from root to stalk to leaves, whereas differences between treatments were 
very limited, despite the large differences of PAH content in soil. There was 
no indication of markedly increased PAH uptake into radishes due to soot 
amendment. Silicone rods were positioned under the radishes and served as 
diffusive flux samplers. The initial flux of 2-4 ringed PAHs into the rods was 
succeeded by back diffusion, which indicated biodegradation as                 
exposure-modifying process. The flux of 5-6 ringed PAHs into the rods was 
more stable and markedly affected by differences in the tested soils. The soil 
matrix effect largely disappeared when changing the exposure metric from 
total to freely dissolved concentrations. 
 
Introduction  
Large areas of surface soils are polluted with polycyclic aromatic              
hydrocarbons (PAHs), with the majority of them being bound to soil organic 
matter and to pyrogenic particles such as soot 1,2,3,4,5. This has triggered a 
large number of bioavailability studies, which aim at linking toxicity,        
biological uptake or bioaccumulation to various exposure parameters beyond 
total PAH concentrations 6,7,8,9,10. A common feature of most bioavailability 
studies is the focus on the unbound, mobile or accessible fraction of the   
compounds, since this fraction is considered to give rise to exposure and 
risks. Sorption to the soil matrix is in this respect recognized as a crucial  
process that can reduce exposure and risk; with the common underlying    
assumption that there is a desorption resistant, less mobile and less accessible 
fraction, which gives rise to very limited, if any, exposure and risk 7,8,11,12,13. 
The clear focus on the “available” form and the assumption of limited       
exposure from the desorption resistant contaminants makes generally good 
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sense, but to date this assumption has not been explicitly tested and         
challenged in dedicated studies.  
Usually PAHs are introduced to the soil compartment in particle bound form, 
from where they subsequently can diffuse into the remaining soil matrix.   
Pyrogenic particles can in this manner act as diffusive sources of PAHs 5. 
Further, soot particles are existing PAH hot spots on the microscale with 
concentrations that are 5-9 orders of magnitude higher than in the interstitial 
water and also markedly higher than in the other fractions of the soil matrix 
2,5. The high levels of PAH molecules in the soot might counteract their 
strong sorption and low chemical activity, particularly in situations where 
organisms succeed to facilitate PAH desorption, for instance by means of 
animal digestive biosurfactants, plant exudates or microbial extracellular 
polymeric substance (EPS). Finally, soot particles can attach to plant 
surfaces, which in case of crops can lead to oral PAH uptake in humans 14,15. 
It is therefore crucial to assess the exposure originating from soot-bound 
PAHs and to investigate whether PAHs that appear desorption resistant 
indeed give rise to only limited exposure and plant uptake 16,17.  
The sorption and partitioning of spiked PAHs can be very different from   
native PAHs in soils and various forms of black carbon including soot,      
because of non-linear isotherms, dynamic effects and different types of    
sorption mechanisms 10,13,. The (ad)sorption of native PAHs at low           
concentrations is generally characterized by much higher Kd values compared 
to the (ab)sorption of spiked PAHs at higher concentrations 5,19.  Independent 
of the underlying mechanism, these differences have the very important    
implication that the observations obtained from spiked laboratory studies 
have only limited value for the assessment of the actual exposure and        
bioavailability of native PAHs 13. Thus, exposure and bioavailability        
originating from black carbon bound PAHs need to be determined in studies 
focused on native PAHs that enter the experiments via pyrogenic particles 
(e.g. soot); which can be experimentally and analytically challenging, as this 
requires experiments at low concentrations and without 14C labeled PAHs.  
When focusing on the desorption resistant fraction, an additional challenge is 
the experimental separation of readily desorbing and desorption resistant 
fractions, and the subsequent distinction between contributions by each     
fraction to the actual PAH exposure, bioavailability and uptake.   
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Ingestion of food is one of the main PAH exposure pathways for              
non-smokers 20. Vegetables contribute with 8-12 % of the PAH intake, which 
makes vegetables one of the major contributors to PAH intake from food 21, 
22. The total PAH intake varies with eating habits, but has shown to be  fairly        
uniform. The daily BaP intake from food for adults is estimated in 11 EU 
countries (and Norway) to be between 0.14 µg/person (Belgium) and 2.70 
µg/person (Finland) 23. A study from the US shows a daily PAH intake of 
approximately 3 µg/person including 0.05-0.14 μg BaP 20. For adults in   
Denmark the average daily exposure to BaP was determined at 3.7 ng kg bw-1 
d-1 24. It is thus important to assess the PAH exposure and risk from          
vegetables growing in soil with high PAH content. In this respect two       
different exposure routes need to be considered, one where the PAH is taken 
up into the vegetable before it is consumed and one where PAH containing 
particles at the plant surface are taken up via the diet. In the present study we 
are focusing on the first exposure route, whereas a companion paper is      
addressing the oral uptake of PAHs from ingested soot particles 25. Recently, 
urban gardening has become increasingly popular, which means that         
vegetables for private consumption are cultivated within city areas with high 
population and traffic densities. This will inevitably lead to vegetables being 
grown in soils with high soot and PAH content, which calls for studying the 
PAH exposure that originates from soot and other pyrogenic particles in soils.  
The aim of the present study was to determine the PAH exposure of plants 
originating from desorption resistant PAHs in soot and soil. Soot from wood 
burning stoves was collected, and the readily desorbing PAH fraction was 
removed by incubation in recently developed contaminant traps 26. After 10 
month incubation, the remaining PAHs were largely desorption resistant.  
Uptake experiments with radishes were then conducted in agricultural soil 
amended with treated and untreated soot, and additionally in an industrial soil 
with a high content of desorption resistant PAHs 27. Silicone rods were placed 
under the radish plants, where they served as “diffusive flux” passive      
samplers. The hypothesis of the study was that bound PAHs and particularly 
the desorption resistant PAHs give rise to very limited exposure and root   
uptake. 
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Materials and Methods 
Soils.  Agricultural soil from Askov (Denmark) was used as one treatment 
and also as main substrate for the soot treatments. The Askov soil is a sandy 
loam, with the particle-size distribution of 39% coarse sand (200–2000 μm); 
36% fine sand (20–200 μm); 12% silt (2–20 μm); 11% clay (<2 μm) and 
2.6% organic matter 28. Treatments with Askov soil only are referred to as 
“agricultural soil”. Additionally, a contaminated soil from a former         
manufactured gas plant (Hamburg, Germany) was used as the “industrial 
soil”. It contained 14% water, 5-7% organic carbon, 11-16% silt, 3-4% clay 
and was contaminated with coal-tar, petroleum residues, soot and ash 27. This 
soil has been undergoing bioremediation and was thus dominated by residual 
PAHs that were desorption resistant, even though total PAH concentrations 
were above the regulatory threshold levels 27. 
Wood soot. The soot originated from wood burning stoves equipped with 
steel lined chimney from 8-10 family houses near Roskilde (Denmark), as 
described in a previous study 30. Concentrations of selected PAHs in this   
untreated soot were 28.0 mg BaA/kg, 108.5 mg BbF+BkF/kg, 40.4 mg 
BaP/kg, 59.5 mg InP/kg, 57.1 mg B(ghi)Pe/kg and 7.02 mg DbA/kg 30.      
For the radish experiments, 1.60 % of dry soot was mixed into Askov soil, 
and treatments with this matrix were denoted “untreated soot”. 
Treatment of wood soot. Treated soot was prepared by incubation for      
approximately 300 days in “contaminant traps”, in which cyclodextrin served 
as diffusive carrier for the PAHs, and activated carbon embedded in a       
silicone elastomer served as an infinite diffusive PAH sink 26. After           
incubation, the soot suspensions were centrifuged and the soot dried at room 
temperature for one week. Concentrations in treated soot after approximately 
400 days incubation measured at 3.63 mg BaA/kg, 24.3 mg BbF+BkF/kg, 
10.4 mg BaP/kg, 18.8 mg InP/kg, 17.9 mg B(ghi)Pe/kg and 1.82 mg DbA/kg 
25.  1.60 % of dry treated soot was mixed into Askov soil, and treatments with 
this matrix were denoted “treated soot”. 
Silicone rod. Recently, a silicone rod (AlteSil) with a diameter of 3 mm was 
introduced as sorptive sink in bioaccessibility extractions 30. In the present 
study exactly the same rod (Silicone, Altec) has been applied as a passive 
sampler with the only difference that its diameter was 2 mm in order to     
enable faster sampling kinetics. Before application in the experiments, the 
silicone rod was cut into 10 cm long pieces (0.364-0.414 g), cleaned by  
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soaking for four days in ethanol and one hour in acetone, and dried at room 
temperature. The silicone rods were operated in the kinetic uptake regime and 
applied to determine the diffusive flux of PAHs from the soil into a diffusive 
sink. Simple uptake profiles were made to confirm the kinetic uptake regime.  
Experimental setup. Small clay pots with an inner diameter at the top of 7.3 
cm were lined with aluminum foil. First, 75 g of test soil were added to each 
pot and 10 cm silicone rod and 20 seeds of radishes (Cherry Belle, Raphanus 
sativus L) were placed on top of the soil. Second, additional 5 g of test soil 
were used to cover the rods and seeds. Finally, additional 15 g of topsoil 
(commercial growth substrate) were used to cover the soil surface. The pots 
were grouped per soil treatment (agricultural soil, untreated soot, treated soot 
and industrial soil, n = 6 each) and arranged on a filter cloth in small      
transparent plant propagators of plastic. The application of clean topsoil and 
separation of treatments in propagators were chosen in order to avoid PAHs 
escaping from the soil to the air and to limit the influence from airborne 
PAHs, which can be the dominant uptake pathway for some PAHs in        
vegetables 31,32,33.  During germination, the propagators were incubated dark 
at 15 ºC, and during growth the propagators were incubated at 20 ºC, with a 
12h/12h light/dark cycle. To minimize environmental variation among the 
treatments, the propagators were placed close to each other and interchanged 
regularly. Watering was done frequently and from the bottom in order to  
minimize leaching of the PAHs from the soil. After two weeks the number of 
shoots was reduced to 5 in all pots, and down to 2 after three weeks to avoid 
competition among the plants during growth. The experimental setup is     
illustrated in Figure 1. 
 
Figure 1: Setup of the radish experiment in small plant propagators. 
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Sampling. Sampling of each treatment was done in week 3 and week 7. In 
week 3, silicone rods from replicates # 1, 2 and 3 were collected. In week 7, 
both plants and silicone rods were collected from replicates # 4, 5, and 6. The 
plants were divided into three parts; the roots (biomass in soil), stalk         
(biomass above soil, not including leaves) and leaves (Figure S1, Supporting 
Information).  All samples were rinsed with Milli-Q-water and wiped off with 
a tissue to remove all visible soil particles. Samples were stored at – 20 ºC 
until further processing. 
Extraction and quantification of PAHs.  The silicone rods were extracted 
with a mixture of toluene and methanol (1:6). The plant materials were cut 
using a scalpel, ground in a mortar, mixed with hydromatrix and let stand for 
1.5 hours. Scalpel and mortar were wiped off with toluene-soaked cotton 
wool twice. Sample and cotton wool were transferred to the thimble in a 
soxhlet apparatus, and spiked with recovery standards (d-labeled and        
13C-labeled PAHs). The samples were then soxhlet extracted for 24 h with 
500 mL toluene and pumice stones. The extracts were concentrated to 1-2 mL 
on a rotary evaporator (– 40 mbar, 30 ºC) and further reduced by laminar  
nitrogen flow to 0.5 mL. The concentrated extracts were eluted on a          
SiOH-column (Chromabond, 2 g, 6 mL glass column). Sodium sulfate was 
placed on the top of the column followed by conditioning with 10 mL       
pentane. The extracts were placed on the column and eluted with 
approximately 2 mL pentane followed with 10 mL dichloromethane. The last 
fraction was collected in a small glass and evaporated under nitrogen flow to 
approximately 500 µL and made to 1000 µL with toluene. The extracts were 
protected from UV-light and stored at – 20 ºC until analysis. Prior to use, 
glass equipment was calcined at 450 ºC for two hours and teflon equipment at 
200 ºC for 24 hours. Cotton wool, glass wool, thimbles and Soxhlet were 
cleaned for 6 hours with dichloromethane. PAH concentrations in the silicone 
rods- and plant extracts were quantified using a Thermo Finnigan TRACE 
GC/ DSQ mass spectrometer in EI-SIM-mode (275 ºC, 70 eV) and X-calibur 
software (Thermoquest-Finnigan, Bremen, Germany). A Combi-Pal 
autosampler injected 1 µL into the inlet (280 ºC) of a DB-5 column (30m x 
0.25mm ID x 0.25 µm 5% -Phenyl-methylpolysiloxane) in split less mode. 
Helium served as carrier gas (1 mL/min). The temperature program was 90 ºC 
for 1 min, ramped at 10 ºC/min to 200 ºC, ramped at 5 ºC/min to 240 ºC and 
held for 4 min finally ramped at 20 ºC/min. to 270 ºC and held for 10 min. 
Samples were analysed for naphthalene (NAPH), 2-methylnaphthalene 
(2MNPT), 1-methylnaphthalene (1MNPT), acenaphthylene (ANTL), 
V - 7 
acenaphthene (ANA), dimethylnaphthalenes (DMNPT), trimethyl-
naphthalenes (TMNPT), phenanthrene (PHEN), C1-phenathrene (C1-PHEN), 
C2-phenanthrene (C1-PHEN), C3-phenanthrene (C3-PHEN), anthracene 
(ANTH), dibenzothiophene (DBT), C1-dibenzothiophene (C1-DBT), 2-
methylphenanthrene (2MPHE), pyrene (PYR), fluoranthene (FLU), 3.6-
dimethylphenanthrene (3.6-DMP), 1-methylpyrene (MP), benz(a)fluorine 
(BaF), benz(a)antracene (BaA), chrysene+triphenylene (CRY+TPH), 
benzo(b+k)fluoranthene (BbF+BkF), benzo(e)pyrene (BeP), benzo(a)pyrene 
(BaP), perylene (PE), indeno(1.2.3-cd)pyrene (InP), dibenzo(ah)antracene 
(D(ah)A), and benzo(ghi)perylene (B(ghi)Pe). Agroscope (Zürich, 
Switzerland) executed the analysis of the Askov soil and the industrial soil 
following the procedure described in Bucheli 34.  
Quality assurance. Controls. The analytical method was validated by 
controls, standards and blank samples. Exclusion of data points. For 
treatments, where only one out of three replicates was measurable, this single 
data point was not included in the data analysis. Measurements that exceeded 
the average of the other two replicates by more than one order of magnitude 
were also excluded from the data analysis. Quantification limit. The limits of  
quantification (QL) were between 0.1-1.00 µg/kg based on a 10 mg sample 
(wet weight), and subsequently  adjusted to the actual mass of each sample, 
which led to different quantification limits among treatments and sample type 
(Table S1, Supporting Information). Processing of low measurements. For the 
purpose of further calculations, measurements below quantification limits 
were set to QL ∙ 0.5 and not detected measurements were set to a value of 
zero.     
 
Results and discussion 
Contamination level of treatments. PAH concentrations in the four soil 
treatments are shown in Table 1. The concentrations ranged from 123 µg/kg 
(BaA) to 275 µg/kg (PYR), 184 µg/kg (BaA) to 648 µg/kg (BbF+BkF), 578 
µg/kg  (BaA) to 1698 µg/kg (PYR) and 5071 µg/kg (InP) to 15586 µg/kg 
(FLU) for agricultural soil, treated soot, untreated soot and industrial soil, 
respectively. Typical background concentrations of PAHs in Danish rural 
soils have been reported to be 110 µg/kg (PHEN), 60 µg/kg (FLU), 50 µg/kg 
(PYR), 20 µg/kg (BaP) and 10 µg/kg (InP), which is similar to the mean  
concentration of the global background in soil 35. In Danish urban soils with 
diffuse contamination 1000 µg/kg (PHEN), 1900 µg/kg (FLU), 1700 µg/kg 
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(PYR), 1000 µg/kg (BaP) and 900 µg/kg (InP) have been reported 36. From a 
regulatory perspective, the concentration of PAHs in Danish soils should not 
exceed 300 µg/kg for BaP and 4000 µg/kg for a sum of BaP, BbF+BjF+BkF, 
D(ah)A, FLU and InP 37; similar legal assessment values exist in other      
European countries 38. Accordingly, treatments used in this experiment can be 
classified as unpolluted (agricultural soil), lightly polluted (treated soot), 
polluted (untreated soot) and strongly polluted (industrial soil) based on total 
concentrations. The PAH composition of the selected PAHs was rather     
similar among the treatments (Figure S2, Supporting Information). 
Diffusive flux into silicone rods. The silicone rods were operated in the    
kinetic uptake regime, which for passive sampling in aqueous media would 
yield measurements of time integrated aqueous concentrations. In the        
heterogeneous soil matrix to the contrary, it is more difficult to relate the 
measured concentration in the silicone to the concentration in either soil or 
interstitial water. However, in the kinetic uptake regime the measured mass 
of PAHs in the silicone rods reflects still the diffusive PAH flux into the rods. 
Based on the measured uptake curves, the kinetic uptake regime was not   
indicated for the 2 to 4 ringed PAHs. For many of the 2-4 ringed PAHs these 
profiles showed a concentration increase during the first 3 weeks and a     
subsequent concentration decline during the next 4 weeks (Table S2,       
Supporting Information). This implies that 2-4 ringed PAHs were initially 
taken up by the silicone rods and then subsequently released again.        
Measurements of 2-4 ringed PAHs in silicone rods were thus removed from 
further data analysis, since they would underestimate the diffusive flux into 
the rod. To the contrary, the initial uptake of the 5 and 6 ringed PAHs      
continued throughout the experiment, (Table S2, Supporting Information) and 
the analysis of the silicone rod data was thus limited to these PAHs (Figure 
2). Compared to plant tissue, PAH concentrations in silicone rods were much 
easier to measure, the number of measurable concentrations was much higher 
and the variation between the replicates was lower (Table 1). Even without 
any addition of soot to the agricultural soil, concentrations of four 5-6 ringed 
PAHs were easily measurable in the silicone rods, and with good precision. 
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Table 1: Average concentrations [µg/kg] in soil (dw), plant material (fw) and silicone rod. 
Relative standard deviations (%CV) are given in brackets. Measurements below the 
quantification limit are denoted <QL, whereas n.d. indicates not detected, n.m indicates not 
measured, – indicates eliminated data due to kinetic uptake regime (see section Diffusive 
flux into silicone rods) and -* indicates excluded data (see section Quality assurance).  
 Agricultural soil1 Treated soot2 
 Soil Stalk Root Silicone rod Soil Stalk Root 
Silicone 
rod 
PHEN 123 1.26 (74%) 5.04 (77%) - 241 -* n.d - 
PYR 275 2.00(100%) 5.12 (76%) - 417 5.25 (49%) <QL - 
FLU 269 2.91 (104%) 14.8 (93%) - 394 4.97 (58%) <QL - 
BaA 123 <QL <QL <QL 184 <QL <QL 17.1 (15%) 
CRY+TPH 145 <QL 2.95 (79%) 6.52 (7%) 220 <QL <QL 18.8 (4%) 
BbF+BkF 238 -* -* 12.2 (2%) 648 -* <QL 36.5 (5%) 
BeP n.m 0.91(79%) 3.62 (59%) 3.40 (3%) n.m n.d <QL 13.3 (5%) 
BaP 234 <QL <QL 57.0 (8%) 410 -* 10.63 (73%) 53.2 (1%) 
PE n.m <QL <QL <QL n.m n.d n.d <QL 
InP 157 <QL <QL <QL 474 n.d n.d 17.9 (7%) 
B(ghi)Pe 198 <QL <QL <QL 499 n.d <QL 21.4 (5%) 
 
Untreated soot3 Industrial soil4 
 Soil Stalk Root Silicone rod Soil Stalk Root 
Silicone 
rod 
PHEN 1107 1.34 (71%) 5.02 (51%) - 12962 -* 9.06 (69%) - 
PYR 1698 1.10 (40%) <QL - 14967 2.71 (107%) 10.2 (27%) - 
FLU 1535 0.70 (87 %) 5.26 (75%) - 15586 4.23 (62%) 11.2 (28%) - 
BaA 578 <QL 5.96 (52%) 110 (9%) 6030 1.47 (19%) <QL 65.7 (7%) 
CRY+TPH 874 1.53 (24%) 9.87 (53%) 185 (13%) 7661 1.65 (103%) 11.1 (21%) 84.2 (6%) 
BbF+BkF 2000 1.53 (35%) 14.2 (48%) 294 (13%) 9985 0.41 (6%) 10.9 (12%) 97.0 (7%) 
BeP n.m <QL 6.93 (52%) 99.3 (11%) n.m n.d 4.64 (27%) 34.7 (9%) 
BaP 891 <QL <QL 132 (8%) 6977 n.d <QL 81.0 (4%) 
PE n.m <QL <QL 15.9 (13%) n.m n.d -* 11.6 (11%) 
InP 1123 <QL <QL 73.3 (8%) 5071 n.d <QL 25.7 (6%) 
B(ghi)Pe 1126 <QL <QL 65.4 (10%) 5954 <QL <QL 21.0 (9%) 
1: 100 % Askov soil, 2: 1.6 % treated soot and 98.4 % Askov soil, 3: 1.6 % untreated soot and 98.4 % Askov soil  
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The present study aims at determining exposure originating from the         
desorption resistant PAHs, and the assessment of the results thus focused on 
the treated soot, which had been incubated in contaminant traps for 10 
months in order to remove the readily desorbing PAH fractions 26. The soil 
treatment with treated soot had a moderate increase of diffusive flux into 
silicone rods for CRY+TPH, BbF+BkF and BeP relative to agricultural soil 
without soot addition, whereas no such increase was observed for BaP    
(Figure 2A). The addition of treated soot to the Askov soil resulted in an 
increase in PAH soil concentrations by factor 1.5-3.0, and an increase of the 
diffusive flux into the silicone rods by a very similar factor of 0.9-3.9      
(Table S3, Supporting Information). Based on these observations it is not 
possible to distinguish the effective exposure or “bioavailability” between the 
PAHs originating from the agricultural soil and the treated soot. Another way 
to assess the exposure originating from the treated soot, is by contrasting it to 
the treatments with untreated soot (Figure 2B). The addition of untreated soot 
to the Askov soil resulted in an increase in soil concentrations for the four   
5-6 ringed PAHs by factor 3.8 to 8.4, and an increase of  the diffusive flux 
into the silicone rods by factor 2.3 to 29.2 (Table S3, Supporting               
Information). On a relative scale, the addition of untreated soot thus led to a 
higher increase in diffusive flux compared to the treated soot, which supports 
that desorption resistant PAHs gave rise to less exposure compared to the  
total native PAHs originally present in soot. 
(A) (B) 
 
Figure 2: Average concentration (n=3) measured in silicone rods in agricultural soil and 
treated soot (A), and  average concentration (n=3) measured in silicone rods in treated soot 
and untreated soot (B), both in week 7. Error bars indicate max. and min. concentrations.  
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The study also included an industrial soil, in which PAHs were expected to 
be largely desorption resistant. This is a historically contaminated           
manufactured gas plant soil, where the readily desorbing PAHs were removed 
by ex situ composting 27. The origin and properties of this soil were very   
different from the other soil treatments, and the PAH concentrations in this 
soil were also much higher compared to the other three soil treatments. This 
made it more difficult to compare the results directly, and thus a log-log plot 
of measured concentrations in the silicone rods versus the concentrations in 
the respective soils was made (Figure 3A). The data clearly group into two 
populations; one for treatments based on Askov soil and one for the industrial 
soil.  Within both groups, the diffusive flux into the silicone rods increased 
with total soil concentration, but the two groups remained more than one   
order of magnitude apart. From this it can be concluded that the diffusive flux 
of PAHs not only depends on soil concentrations and pre-treatments, but also 
on the sorption and distribution within the soil matrix. The soil to water    
distribution ratio (Kd) is the most central parameter in this respect, since it 
governs the PAH partitioning from soil and into the interstitial air and water 
of the soils, and thus largely sets the upper limit for concentration gradients 
that drive diffusion within the soil.  
(A) (B) 
Figure 3:   PAH concentrations in silicone rods plotted against soil concentration (A) and 
freely dissolved concentrations (B). Each symbol represents the average concentration of 
one PAH compound, with circular symbols representing treatments with desorption 
resistant PAHs.  
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Kd values and freely dissolved concentrations. Kd values for soots (treated 
and untreated) after 585 days of incubation in contaminant traps has been  
reported earlier 25, whereas Kd values for the industrial soil were calculated 
based on reported measurements of soil concentrations (Csoil), equilibrium 
partitioning concentration in PDMS (CPDMS) 29 and PDMS-water partition 
coefficients (Kpw) 39 (Table S4, Supporting Information).  Log Kd [L/kg] 
ranged from 7.51 (BbF+BkF) to 7.97 (InP) for treated soot and was a bit  
lower with 6.19 (BaA) to 7.71 (B(ghi)Pe) and 6.67 (BaA) to 7.34 (InP) for 
untreated soot and industrial soil, respectively. These are rather high values 
that reflect low freely dissolved PAH concentrations (Cfree) even in soils and 
soot with a high PAH content. Cfree ranged from 0.06 ng/L (BaA) to 0.75 ng/L 
(BbF+BkF) for treated soot, from 1.11 ng/L (B(ghi)Pe) to 26.04 ng/L 
(BbF+BkF) for untreated soot and from 0.23 ng/L (InP) to 1.30 ng/L (BaA) 
for the industrial soil (Figure 3B; Table S5, Supporting Information). The 
Cfree values were calculated for soot, and then directly applied to the soot 
treated soils under the assumption that the 1.6 % of soot was sufficient to 
dominate the PAH partitioning within the soil matrix. This assumption is  
justified by Kd values being several orders of magnitude higher in soot than 
in Askov soil (dry weight) 28. 
Figure 3B shows that the effect of the soil matrix on the diffusive PAH fluxes 
into the silicone rods largely disappear when changing the exposure metric 
from total to freely dissolved concentrations.  This was expected considering 
that freely dissolved concentrations are an expression of the chemical activity 
levels, and that chemical activity quantifies the potential for spontaneous 
processes - such as diffusion - which are driven from high to low activity 8,40. 
Thus our results support that freely dissolved concentrations largely control 
the diffusive flux, which emphasizes the importance of the Kd value. 
Plant growth.  The initial growth of plants in Askov soil with soot 
amendments was faster than in agricultural soil and industrial soil. A 
stimulation of plant growth or water use efficiency by plants has been 
observed before 41,42,43. However, in week 7 the biomass of plants in treated 
soot was evidently lower compared to plants grown in other treatments   
(Figure S3, Supporting Information). However, no symptoms of plant stress 
were observed and the growth in agricultural soil (unpolluted) and industrial 
soil (strongly polluted) were similar (Figure S4, Supporting Information), 
thus effects of phytotoxicity was ruled out as the cause in accordance with 
other studies 33,43. It seems not possible to explain differences in growth 
between replicates, treatments and weeks based on differences in PAH 
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content and exposure. The observed differences seem rather the result of 
natural variation between plants and the halting of the growth in some 
replicates seems best explained by the very limited soil volume in each pot 
that was set by the small amounts of treated soot available. 
Plant uptake of PAHs. PAH concentrations measured in roots and stalks are 
shown in Table 1 and plotted against the soil concentrations in Figure 4. 
Quantification of the PAH concentrations were only possible in 36 % of stalk 
samples and in 41 % of root samples, all with rather high relative standard 
deviations (63 % in average for stalks and 54 % in average for roots). The 
lack of detection for many PAHs in the radish is not only because of low 
concentrations but also due to the small sample mass that leads to a relatively 
high quantification limit.  Measured PAH concentrations were in the low 
µg/kg wet weight range and in general agreement with findings by others 
31,44. It is a common observation that PAH concentrations are lower in plant 
tissue than in soil 45,46. This can be explained by slow uptake, rapid dilution 
with growth and low partition coefficients into vegetable tissues (BCF) of 
low fat content 47,48,49,50.  
 
Figure 4: Average PAH concentration in roots and stalks vs. soil concentration obtained in 
different soil matrices. White symbolizes agricultural soil, grey treated soot, black 
untreated soot and pattern industrial soil. Circles and triangles indicate roots and stalks, 
respectively.  Each symbol represents one PAH compound. 
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relationship can be seen between Cfree and the diffusive flux into the silicone 
rods (Figure 3A), such a relationship is again not apparent for the uptake into 
the plants. This indicates that the uptake into the radish was governed by 
more than just diffusive uptake. 
Uptake pathways. PAHs can be taken up into plants by several pathways: 
uptake from attached soil; uptake with the transpiration water; uptake by   
diffusion from water and gas phase; and deposition from air. In the used    
experimental set up attachment of soil particles could only occur to roots, 
because stalks and leaves were separated from the contaminated soil layer by 
a top layer of growth substrate. The magnitude of this process is expected to 
be small because roots were carefully rinsed. On the other hand, measured 
PAH concentrations were in the low µg/kg wet weight range and thus 1-4 
orders of magnitude lower than in soils. This implies that even small amounts 
of soil particles attaching to the root surface might have contributed to the 
measured PAH concentrations in the roots. For radish, a soil attachment of 
0.001 g/g fresh weight (fw) was calibrated in a field study 47, which in some 
case can have contributed to the measured PAH concentration in the roots 
and stalks. 
Uptake from water can be calculated from the product of dissolved           
concentration in soil pore water (Cfree) with the amount of water taken up. A 
transpiration coefficient (water uptake per kg plant growth) of 43 L per kg fw 
has been reported for radish 47. With an average of 10% roots from the radish 
plant (Figure S1, Supporting information), a maximum concentration ratio 
roots to soil pore water from water uptake of 430 L/kg is derived. Using the 
Cfree-values given in Table S5 (Supporting information) the maximum      
contribution of uptake with water from soil can be calculated. Except for BaA 
(7.8 μg/kg fw) and BbF+BkF (11.2 μg/kg fw) in untreated soot soil, the    
calculated maximum concentrations of BaA, BbF+BkF, BaP, InP and 
B(ghi)Pe in roots due to uptake with water are all below 1 μg/kg fw. These 
PAHs were quantifiable in only few root samples (Table 1), and their       
concentrations were 3 to >10 μg/kg fw. Translocation of PAHs together with 
water uptake may therefore contribute to the concentration in roots, but it is 
not the dominant process and does also not explain the concentrations of 
PAH in roots. Another uptake process is diffusion across the root surface. 
The kinetic sampling measurements with the silicone rods clearly show that 
such diffusive flux and uptake can be substantial, while it remains difficult to 
exactly link the uptake into the silicone rods with the uptake into the radish 
roots.  
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In this experimental set-up, uptake into stalk and leaves could only occur by 
translocation with water or by deposition from air. Concentrations of PAH in 
stalks are in all cases, where a comparison is possible, by factor 4 to 20 lower 
than in roots. This makes sense, because an uptake from soil into stalks must 
pass through the roots, where much of the PAH is retained 55. Figure 4 shows 
that there is very little relation between concentrations in roots and stalks. 
This holds even more for concentrations in leaves (Table S6, Supporting   
information), which are rather constant. The variation between the treatments 
is only factor 2. In conclusion, and in accordance with previous studies 33, 
uptake into leaves was more likely from air than from the soils. 
Regulatory threshold levels. The European Union has set maximum 
acceptable levels for BaP in some food items, concerning mainly processed 
food products and without including threshold values for radish 52. The 
highest threshold is 1 μg BaP per kg fw for processed cereal-based foods and 
baby foods for infants and young children. No legal thresholds for other 
PAHs were set, arguing that BaP is a marker for all PAH 53. The value of 1 
μg/kg is below most QL of BaP in radish in this study (Table S1, Supporting 
information). In most cases BaP measurements on root and stalk were 
between detection and quantification limit (Table 1), while the lowest legal 
threshold for children generally was between these two analytical limits. The 
threshold limit might thus in some cases have been moderately exceeded. 
However, BaP levels in root and stalk should still be considered as rather low 
when taking into account the very high PAH content in soot and the high soot 
loading of the tested soils. 
Significance of results for urban gardening. Urban soils are widely        
contaminated with PAHs, but it can safely be assumed that a major part of the 
measurable total PAH content in soil is from historical pollution and has   
undergone aging, degradation and sequestration processes. What remained is 
the desorption resistant PAH fraction that was investigated in our study.    
Despite working with soil variants far above the maximum soil regulatory 
threshold for BaP (0.3 mg/kg soil), no uptake from soil into plants well above 
the accepted regulatory levels for food was found. Uptake into roots from the 
variants high in PAH (industrial soils, untreated soot) was only slightly     
increased, compared to the uptake of PAH from the agricultural soil with 
PAH levels below the soil quality criterion. Moreover, uptake into the edible 
plant part, which is the bulb (and makes up most of the stalk) was far less 
than into roots, and uptake into leaves was more likely from air than from 
soil. This does not necessarily mean that urban gardening on highly polluted 
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soils is safe. Exposure might still occur by deposition from air, from attached 
soil particles due to soil splashing and wind erosion (which was not occurring 
in this study), and from direct soil contact and soil ingestion during          
gardening. Care should thus be taken to avoid these exposure pathways by 
washing and pealing where needed. 
While it remains difficult to establish a causal relationship between any    
specific PAH fraction in the soil and plant uptake, the findings of the present 
study support that desorption resistant PAHs give rise to only a very limited 
exposure and plant uptake.  
 
Acknowledgments 
We thank Ellen Christiansen (Aarhus University) and Franziska Blum  
(Agroscope, CH) for GC-MS measurements of PAHs.  This research project 
was mainly funded by the Danish Council for Strategic Research (REMTEC), 
and we acknowledge additional funding by the European Commission 
(MAGICPAH), the European Regional Development Fund (EFRE) and the 
Government of Lower Austria (project MACATA, WST3-T-95/017-2012). 
 
  
V - 17 
References 
(1)  Luthy, R.G.; Aiken, G.R.; Brusseau, M.L.; Cunningham, S.D.; Gschwend, P.M.; 
Pignatello, J.J.; Reinhard, M.; Traina, S.J.; Weber, W.J.; Westall, J.C. Sequestration 
of hydrophobic organic contaminants by geosorbents. Environ. Sci. Technol. 1997, 
31(12), 3341-3347. 
(2)  Ghosh, U.; Gillette, J.S.; Luthy, R.G.; Zare, R.N. Microscale location, 
characterization, and association of polycyclic aromatic hydrocarbons on harbor 
sediment particle.  Environ. Sci. Technol. 2000, 34 (9), 1729-1736. 
(3)  Bucheli, T.D.; Gustafsson, O. Quantification of the soot-water distribution 
coefficient of PAHs provides mechanistic basis for enhanced sorption observations. 
Environ. Sci. Technol. 2000, 34(24), 5144-5151. 
(4)  Thorsen, W.A.; Cope, W.G.; Shea, D.  Bioavailability of PAHs: Effects of soot 
carbon and PAH source. Environ. Sci. Technol. 2004, 38(7), 2029-2037. 
(5) Cornelissen, G.; Gustafsson, O.; Bucheli, T.D.; Jonker, M.T.O.; Koelmans, A.A.; 
Van Noort, P.C.M. Extensive sorption of organic compounds to black carbon, coal, 
and kerogen in sediments and soils: Mechanisms and consequences for distribution, 
bioaccumulation, and biodegradation.  Environ. Sci. Technol. 2005, 39(18), 6881-
6895.  
(6)   Ehlers, L.J.; Luthy, R.G. Contaminant bioavailability in soil and sediment. Environ.
 Sci. Technol.  2003,  37(15), 295A-302A. 
(7)  Semple, K.T.; Morriss, A.W.J; Paton, G.I. Bioavailability of hydrophobic organic 
contaminants in soils: fundamental concepts and techniques for analysis. Eur. J. Soil 
Sci. 2003, 54(4), 809-818. 
(8)  Reichenberg, F.; Mayer, P. Two complementary sides of bioavailability: 
Accessibility and chemical activity of organic contaminants in sediments and soils. 
Environ. Toxicol. Chem. 2006, 25(5), 1239-1245. 
(9)  Cachada, A.; Pereira, R.; da Silva, E.F.; Duarte, A.C. The prediction of PAHs 
bioavailability in soils using chemical methods: State of the art and future 
challenges. Sci. Total Environ. 2014, 472, 463-480. 
(10)  Arp, H.P.H.; Lundstedt, S.; Josefsson, S.; Cornelissen, G.; Enell, A.; Allard, A.S.; 
Kleja, D.B. Native Oxy-PAHs, N-PACs, and PAHs in Historically Contaminated 
Soils from Sweden, Belgium, and France: Their Soil-Porewater Partitioning 
Behavior, Bioaccumulation in Enchytraeus crypticus, and Bioavailability. Environ. 
Sci. Technol. 2014, 48(19), 11187-11195. 
(11)  Harmsen, J.; Naidu, R., Bioavailability as a tool in site management. J. Hazard. 
Mater. 2013, 261, 840-846. 
V - 18 
(12) Jonker, M.T.O.; Hawthorne, S.B.; Koelmans, A.A. Extremely slowly desorbing 
polycyclic aromatic hydrocarbons from soot and soot-like materials: Evidence by 
supercritical fluid extraction. Environ. Sci. Technol. 2005, 39(20), 7889-7895. 
(13)  Ter Laak, T.L.; Barendregt, A.; Hermens, J.L.M. Freely dissolved pore water 
concentrations and sorption coefficients of PAHs in spiked aged, and field-
contaminated soils. Environ. Sci. Technol. 2006, 40(7), 2184-2190. 
(14)  Kulhanek, A.; Trapp, S.; Sismilich, M.; Janku, J.; Zimova, M. Crop-specific human 
exposure assessment for polycyclic aromatic hydrocarbons in Czech soils. Sci. Total 
Environ. 2005, 339(1-3), 71-80. 
(15) Wang, Y.; Tian, Z.J.; Zhu, H.L.; Cheng, Z.N.; Kang, M.L.; Luo, C.L.; Li, J.; Zhang, 
G.   Polycyclic aromatic hydrocarbons (PAHs) in soils and vegetation near an e-
waste recycling site in South China: Concentration, distribution, source, and risk 
assessment.  Sci. Total Environ. 2012, 439, 187-193. 
(16)  Yang, W.C.; Lampert, D.; Zhao, N.; Reible, D.; Chen, W. Link between black 
carbon and resistant desorption of PAHs on soil and sediment. J. Soils Sediments. 
2012, 12(5), 713-723. 
(17)  Yang, W.; Duan, L.; Zhang, N.; Zhang, C.; Shipley, H.J.; Kan, A.T.; Tomson, M.B.; 
Chen, W. Resistant desorption of hydrophobic organic contaminants in typical 
Chinese soils: Implications for long-term fate and soil quality standards. Environ. 
Toxicol. Chem. 2008,  27(1), 235–24. 
(18)  Jonker, M.T.O.; Koelmans, A.A. Sorption of polycyclic aromatic hydrocarbons and 
polychlorinated biphenyls to soot and soot-like materials in the aqueous environment 
mechanistic considerations. Environ. Sci. Technol. 2002, 36 (17), 3725-3734. 
(19)  Accardi-Dey A.; Gschwend, P.M. Assessing the combined roles of natural organic 
matter and black carbon as sorbents in sediments. Environ Sci Technol. 2002, 36(1), 
21–29. 
(20)  DG Health and Consumers.  Opinion of the Scientific Committee on Food on the 
risks to human health of Polycyclic Aromatic Hydrocarbons in food. European 
commission. 2002, http://www.foedevarestyrelsen.dk/Leksikon/Sider/PAH-i-
f%C3%B8devarer.aspx.  
(21)  Dennis, M.J.; Massey, R.C.; Mcweeny, D.J.; Knowles, M.E.; Watson, D. Analysis of 
polycyclic aromatic-hydrocarbons in UK total diets. Food Chem. Toxicol. 1983, 
21(5), 569-574. 
(22)  Phillips, D.H. Polycyclic aromatic hydrocarbons in the diet. Mutat. Res. Genet. 
Toxicol. Environ. Mutagen. 1999, 443 (1-2), 139-147. 
(23) DG Health and Consumers.  Collection of occurrence data on polycyclic Aromatic  
hydrocarbons in food.  Reports on tasks for scientific cooperation. European 
commission. 2004, http://ec.europa.eu/food/food/chemicalsafety/contaminants/ 
scoop_3-2-12_final_report_pah_en.pdf .  
V - 19 
(24)  Larsen, P.B.. Benzin- og dieselforurenede grunde. Toksikologisk vurdering.  
(Gasoline and diesel fuel contaminated sites - a toxicological evaluation , in Danish 
with English summary). Environmental Project no. 223, Danish EPA. 1993, 205. 
(25)  Gouliarmou, V.; James, K.; Peters, R.E.; Siciliano, S.D.; Mayer, P. Chemical 
availability and systemic uptake of PAHs from soot: evidence of limited exposure 
originating from  desorption resistant contaminants. 2015, Submitted. 
(26)  Mayer, P.; Olsen, J.L.; Gouliarmou, V.; Hasinger, M.; Kendler, R.; Loibner, A.P. A 
Contam inant Trap as a Tool for Isolating and Measuring the Desorption Resistant 
Fraction of Soil Pollutants. Environ. Sci. Technol. 2011, 45, 2932–2937. 
(27)  Reichenberg, F.; Karlson, U.G.; Gustafsson, O.; Long, S.M.; Pritchard, P.H.; Mayer, 
P. Low accessibility and chemical activity of PAHs restrict bioremediation and risk 
of exposure in a manufactured gas plant soil. Environ. Pollut. 2010, 158 (5), 1214-
1220. 
(28)  Styrishave, B.; Mortensen, M.; Krogh, P.H.; Andersen, O.; Jensen, J. Solid-Phase           
Microextraction (SPME) as a Tool to Predict the Bioavailability and Toxicity of 
Pyrene to the Springtail, Folsomia candida, under Various Soil Conditions. Environ. 
Sci. Technol. 2008, 42, 1332–1336. 
(29)  Reichenberg, F.; Smedes, F.; Jonsson, J.A.; Mayer, P. Determining the chemical 
activity of hydrophobic organic compounds in soil using polymer coated vials. 
Chem. Cent. J. 2008, 2, 8.   
(30)  Gouliarmou, V.; Mayer, P. Sorptive bioaccessibility axtraction (SBE) of soils: 
Combining a mobilization medium with an absorption sink. Environ. Sci. Technol. 
2012, 45 (10), 4586-4593. 
(31)  Wang, Y.C.; Qiao, M.; Liu, Y.X.; Arp, H.P.H.; Zhu, Y.G. J. Comparison of 
polycyclic   aromatic hydrocarbon uptake pathways and risk assessment of 
vegetables from waste-water irrigated areas in northern China. Environ. Monit.. 
2011, 13 (2), 433-439. 
(32)  Legind CN, Trapp S. Modeling the exposure of children and adults via diet to 
chemicals in the environment with crop-specific models. Environ. Pollut. 2009, 157, 
778–785. 
(33)  Fismes, J.; Perrin-Ganier, C.; Empereur-Bissonnet, P.; Morel, J.L. Soil-to-root 
transfer and translocation of polycyclic aromatic hydrocarbons by vegetables grown 
on industrial contaminated soils. J. Environ. Qual. 2002, 31 (5), 1649-1656. 
(34)  Bucheli, T.D.; Blum, F.; Desaules, A.; Gustafsson, O. Polycyclic aromatic 
hydrocarbons, black carbon, and molecular markers in soils of Switzerland. 
Chemosphere. 2004, 56(11), 1061-1076. 
(35)  Nam, J.; Sweetman, A.J.; Jones, K.C. J. Polynuclear aromatic hydrocarbons (PAHs) 
in global background soils. Environ. Monit. 2009, 11(1), 45-48.  
V - 20 
(36)  Binderup, M.; Carlsen, L.; Glasius, M.; Hansen, A.B.; Hansen, Å.M.; Johnsen, A.R.; 
Karlson, U.G.; Lassen, P.; Mayer, P.; Mønster, J.; Palmgren, F. Polycyclic aromatic 
hydrocarbons (In Danish). Miljøbiblioteket, Hovedland. 2006, 1(1); 
http://www2.dmu.dk/pub/mb8.pdf.   
(37)  Danish EPA, The Danish Environmental Protection Agency. Liste over 
kvalitetskriterier i relation til forurenet jord og kvalitetskriterier for drikkevand. (List 
of quality standards in  relation of contaminated soil and drinking water, in Danish) 
Danish Ministry of the Environment. 2014, http://mst.dk/media/mst/9150735/ 
kvalitetskriterier_jord_og_drikkevand_maj _2014.pdf.  
(38)  Desaules, A.; Ammann, S.; Blum, F.; Braendli, R.; Bucheli, T.D.; Keller, A. J. PAH 
and PCB in soils of Switzerland - status and critical review. Environ. Monit., 2008,  
10(11), 1265-1277. 
(39)  Smedes, F.; Geertsma, R.W.; van der Zande, T.; Booij, K. Polymer-Water Partition 
Coefficients of Hydrophobic Compounds for Passive Sampling: Application of 
Cosolvent Models for Validation. Environ. Sci. Technol. 2009, 43(18), 7047-7054. 
(40)  Lewis, G.N. A new system of thermodynamic chemistry. Proceedings American 
Academy Arts Sciences. 1907, 43, 259-297. 
(41)  Gräf W, Nowak W.  Promotion of growth in lower and higher plants by carcinogenic      
polycyclic aromatics. Arch Hyg Bakteriol. 1966, 150, 513–528. 
(42)  Sims, R.C.; Overcash, M.R. Fate of polynuclear aromatic compounds (PNAS) in 
soil-plant systems. Residue Rev. 1983, 88, 1–68. 
(43)  Thygesen, R.S.; Trapp, S. Phytotoxicity of polycyclic aromatic hydrocarbons to 
willow trees. J. Soils Sediments, 2002, 2(2), 77-82. 
(44)  Allard, A.S.; Malmberg, M.; Neilson, A.H.; Remberger, M. Accumulation of 
polycyclic aromatic hydrocarbons from creosote-contaminated soil in selected plants 
and the oligochoete worm Enchytraeus crypticus. J. Environ. Sci. Health., Part A. 
2005, 40 (11), 2057-2072. 
(45)  Kipopoulou, A.M.; Manoli, E.; Samara, C.  Bioconcentration of polycyclic aromatic 
hydrocarbons in vegetables grown in an industrial area. Environ. Pollut. 1999, 
106(3), 369-380. 
(46)  Tao, S.; Cui, Y.H.; Xu, F.; Li, B.G.; Cao, J; Liu, W.; Schmitt, G.; Wang, X.J.; Shen, 
W.; Qing, B.P.; Sun, R. Polycyclic aromatic hydrocarbons (PAHs) in agricultural 
soil and vegetables from Tianjin. Sci. Total Environ. 2004, 320(1), 11-24. 
(47)  Trapp, S.  Calibration of a plant uptake model with plant- and site-specific data for 
uptake of chlorinated organic compounds into radish. Environ. Sci. Technol. 2014, 
DOI: 10.1021/es503437p. 
(48)  Trapp, S.; Cammarano, A.; Capri, E.; Reichenberg, F.; Mayer, P. Diffusion of PAH 
in potato and carrot slices and application for a potato model. Environ. Sci. Technol. 
2007, 41(9), 3103-3108. 
V - 21 
(49)  Simonich, S.L; Hites, R.A. Vegetation-atmosphere partitioning of polycyclic 
aromatic-hydrocarbons. Environ. Sci. Technol. 1994, 28(5), 939-943. 
(50)  Li, H.; Sheng, G.Y.; Chiou, C.T.; Xu, O.Y. Relation of organic contaminant 
equilibrium sorption and kinetic uptake in plants. Environ. Sci. Technol. 2005, 
39(13), 4864-4870. 
(51)  Trapp, S. Dynamic root uptake model for neutral lipophilic organics. Environ. 
Toxicol. Chem. 2002, 21, 203-206. 
(52)  EC 2006. Comission Regulation (EC) No 1881/2006 of 19 December 2006 setting 
maximum levels for certain contaminants in foodstuffs. European commission.  
2006, ttp://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02006R1881-
20100701&from=EN. 
(53)  EU lex. Directive 2004/107/Ec Of The European Parliament And Of The Council. 
2004, http://eur-lex.europa.eu/legal-content/DA/TXT/?uri=CELEX:32004L0107. 
  
V - 22 
  
V - 23 
SUPPORTING INFORMATION 
 
Limited Plant Uptake of the Desorption Resistant 
Native PAHs in Soot and Soil 
 
Algreen M., Gouliarmou V., Trapp S., Karlson U.G., Mayer P. 
2015 Submitted 
 
 
Content 
4 figures: 
 Figure S1: Division of plant parts during sampling.  
 Figure S2: Composition of selected PAHs in treatments  
 Figure S3: Sum of biomass harvested in weeks 2, 3 and 7 from different treatments.  
 Figure S4: Plant growth. A: After 2 weeks. B: After 7 weeks. 
 
6 tables: 
 Table S1: Range of Quantification limit [μg/kg] in biota (ww) and silicone rod base on 
sample mass.  
 Table S2: Uptake ratios (Concentration week 7/concentration week 3) in silicone rods
  
 Table S3: Concentration ratios (Concentration week 7/ Concentration week 3) 
 Table S4. Calculations of Kd for the industrial soil 
 Table S5. Calculations of Cfree 
 Table S6: Average concentrations [µg/kg] in leaves (fw). 
 
7 pages in total.  
  
V - 24 
  
V - 25 
Figures 
 
Roots (below soil) Stalk (above soil) Leaves 
 
Figure S1: Division of plant parts during sampling.  
 
 
 
 
Figure S2: Composition of selected PAHs in treatments  
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Figure S3: Sum of biomass harvested in weeks 2, 3 and 7 from different treatments.  
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Figure S4: Plant growth. A: After 2 weeks. B: After 7 weeks. 
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Tables 
 
Table S1: Range of quantification limit [μg/kg] in biota (ww) and silicone rod based on 
sample mass.  
 PAH 
Soil treatment 
Agricultural 
soil 
Untreated 
soot 
Treated 
soot 
Industrial 
soil 
St
al
k 
Phenanthrene, Pyrene, 
Fluoranthene, Benz(a)anthracene, 
Chrysene_Triphenylene, Beno(b+k)-
fluoranthene, Benzo(e)pyrene, 
Benzo(a)pyrene, Perylene 
 
1.01-2.01 1.23-2.46 3.68-7.35 0.54-1.09 
Indeno(1.2.3-cd)pyrene, Benzo(ghi)- 
perylene, Dibenzo(ah)anthracene 
5.03-10.1 6.14-12.3 18.4-36.8 2.72-5.43 
R
oo
t 
Phenanthrene, Pyrene, 
Fluoranthene, Benz(a)anthracene, 
Chrysene_Triphenylen, Beno(b+k)-
fluoranthene, Benzo(e)pyrene, 
Benzo(a)pyrene, Perylene 
 
4.33-8.66 0.48-0.97 13.70-27.4 1.78-3.57 
Indeno(1.2.3-cd)pyrene, 
Benzo(ghi)perylene, 
Dibenzo(ah)anthracene 
21.7-43.3 2.42-4.83 68.5-137 8.91-17.8 
R
od
 
Phenanthrene, Pyrene, 
Fluoranthene, Benz(a)anthracene, 
Chrysene_Triphenylen, Beno(b+k)-
fluoranthene, Benzo(e)pyrene, 
Benzo(a)pyrene, Perylene 
 
2.2-5.00 
Indeno(1.2.3-cd)pyrene, 
Benzo(ghi)perylene, 
Dibenzo(ah)anthracene 
12.5-25.0 
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Table S2: Uptake ratios (Concentration week 7/concentration week 3) in silicone rods. 
Compound Mass 
Agricultural 
soil 
Untreated 
soot 
Treated 
soot 
Industrial 
soil 
Naphthalene 128 1.59 1.47 1.53 1.50 
2-Methylnaphthalene 142 0.72 0.62 0.54 0.65 
1-Methylnaphthalene 142 0.54 1.11 0.46 0.48 
Acenaphthylene 152 0.81 0.05 0.39 0.54 
Acenaphthene 154 0.31 n.d n.d 0.08 
Dimethylnaphthalene 156 0.62 0.78 0.93 0.45 
Fluorene 166 0.78 0.17 0.82 0.30 
Trimethylnaphthalene 170 0.94 0.91 0.88 0.48 
Phenanthrene 178 0.76 0.02 0.77 0.08 
C1-Phenathrene 178 0.95 0.36 0.99 0.62 
C2-Phenanthrene 178 1.10 0.98 1.11 1.05 
C3-Phenanthrene 178 1.05 1.06 1.23 1.18 
Anthracene 178 1.13 0.13 0.77 0.23 
Dibenzothiophene 184 0.87 0.27 0.59 0.15 
C1-Dibenzothiophene 184 1.21 0.49 0.95 0.62 
2-Methylphenanthrene 192 1.17 0.24 1.04 0.51 
Pyrene 202 1.15 0.50 1.38 0.72 
Fluoranthene 202 1.30 0.46 1.27 0.79 
3.6-Dimethylphenanthrene 206 1.68 0.77 1.20 0.97 
Benzo(a)fluorene 216 1.40 1.23 1.62 1.18 
1-Methylpyrene 216 n.d 1.22 n.d 1.52 
Benz(a)anthracene 228 1.24 1.12 1.71 1.16 
Chrysene+Triphenylen 228 1.87 1.19 1.63 1.35 
Benzo(b+k)fluoranthene 252 1.51 1.43 1.56 1.67 
Benzo(e)pyrene 252 0.96 1.37 1.70 1.64 
Benzo(a)pyrene 252 1.06 1.14 1.06 1.25 
Perylene 252 1.26 1.49 1.71 1.35 
Indeno(1.2.3-cd)pyrene 276 1.12 1.48 1.34 1.51 
Benzo(ghi)perylene 276 1.22 1.50 1.76 1.44 
Dibenzo(ah)anthracene 278 2.23 1.47 1.17 1.75 
Ratio : ஼௢௡௖.௪௘௘௞	଻஼௢௡௖.௪௘௘௞	ଷ ;>1  Equilibrium not obtained. Accumulation of PAH in the silicone tube still 
occur, 1  Equilibrium obtained, <1   Equilibrium obtained before week 3. Loss of PAH after 
initial uptake. 
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Table S3: Concentration ratios (Concentration week 7/ Concentration week 3). 
 Soil concentration 
ratios 
Silicone rod 
concentration ratios Observation 
Treated soot / 
Agricultural soil 1.50-3.02 0.93-3.90 
Similar uptake between 
treatments 
Untreated soot / 
Agricultural soil 3.81-8.40 2.32-29.21 
Increased uptake from 
untreated soot 
Untreated soot /  
Treated soot 2.17-3.97 2.48-9.81 
Increased uptake from 
untreated soot 
Industrial soil / 
Agricultural soil 
30-53 1.42-12.92 Less uptake from industrial soil 
Industrial soil /    
Treated soot 11-35. 0.98-4.47 
Less uptake from 
industrial soil 
Industrial soil / 
Untreated soot 5-10. 0.32-0.61 
Less uptake from 
industrial soil 
Additional observation: BaP gives the lower ratios for silicone rod 
 
Table S4. Calculations of Kd for the industrial soil. 
 M 
[g/mol] 
Csili1 
[µmol/L] 
Csili 
[mg/L] 
Ksili,H2O2 
[L/kg] 
Ksili,H2O 
[L/LSili] 
Cfree = 
[mg/L] 
Ctotal1 
[mg/kg Dm] 
Kd 
[L/kg] 
Log 
Kd 
[L/kg] 
= M * Csili = Ksili,H2O * ρSili2 = Csili/Ksili,H2O = Ctotal/ Cfree  
BaA 228.29 1.50 0.342 138038 158744 2.16E-06 10.00 4635789 6.67 
BaP 252.31 2.23 0.563 354813 408035 1.38E-06 9.00 6526811 6.81 
InP 276.33 1.18 0.326 891251 1024939 3.18E-07 7.00 22003199 7.34 
1: Reichenberg et al. 2008 
2: Smedes et al. 2009 
 
 
Table S5. Calculations of Cfree. 
Industrial soil Csili [µg/kg] Log Kd [L/kg]1 Kd [L/kg] Csoil [µg/kg] Cfree [ng/L] = Csoil /Kd 
BaA 65.73 6.67 4635789 6029 1.30 
BaP 80.97 6.81 6526811 6976 1.07 
InP 25.71 7.34 22003199 5071 0.23 
Untreated soot      
BaA 109.63 6.19 1548817 27989 18.07 
BbF+BkF 294.27 6.62 4168694 108536 26.04 
InP 73.27 7.41 25703958 59507 2.32 
B(ghi)Pe 65.37 7.71 51286138 57144 1.11 
Treated soot      
BaA 17.11 7.76 57543994 3632 0.06 
BbF+BkF 36.52 7.51 32359366 24331 0.75 
InP 17.89 7.97 93325430 18806 0.20 
B(ghi)Pe 17.89 7.95 89125094 17867 0.20 
1: From Table S4 
2: Gouliarmou et al. 2015.  
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Table S6: Average concentrations [µg/kg] in leaves (fw). Relative standard deviations are 
given in brackets. Measurements below the quantification limit are denoted <QL and n.d. 
indicates not detected. *2 out of 3 measured values were below QL and adjusted to 0.5*QL 
 Agricultural soil Treated soot Untreated soot Industrial soil 
PHEN 5.52 ( 8%) 6.98 (12%) 3.45 ( 2%) 3.05 (74%) 
PYR 1.53 (16%) 3.74 ( 8%) 1.34 ( 3%) 1.59 (38%) 
FLU 3.82 ( 8%) 6.47 ( 1%) 3.12 (20%) 4.93 ( 9%) 
BaA >QL >QL >QL >QL 
CRY+TPH >QL >QL 0.40 (28%) 0.39 (27%) 
BbF+BkF n.d >QL 0.46 (40%) 0.43 (58%) 
BeP  0.28 (29%) >QL 0.31* (54%) >QL 
BaP >QL n.d >QL n.d 
PE n.d n.d n.d n.d 
InP >QL n.d >QL n.d 
B(ghi)Pe n.d n.d n.d >QL 
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